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The stiffness of asphalt concrete mixtures is characterized in terms of the dynamic 
modulus for designing the thickness of flexible pavements. The dynamic modulus value 
of asphalt concrete is either determined experimentally or predicted by using empirical, 
semi-empirical, analytical or computational micromechanics models. This study proposes 
to use a computational micromechanics model to predict the dynamic modulus of asphalt 
concrete mixtures based on the experimentally determined properties of the constituents 
in the heterogeneous microstructure. The model defines asphalt concrete mixtures as the 
composites of two different homogeneous isotropic components – the viscoelastic fine 
aggregate matrix phase and the elastic aggregate phase.  
Mechanical properties are determined by oscillatory torsional shear tests of cylindrical 
bars of fine aggregate matrix mixtures, and quasi-static nanoindentation tests of 
aggregates. A protocol is developed to mix-design and fabricate the Superpave gyratory 
compacted fine aggregate matrix mixture as a replicate of fine aggregate matrix phase of 
asphalt concrete mixtures in terms of binder content, air void content and specific gravity. 
  
The cyclic uniaxial compressive tests are computationally simulated based on the finite 
element method (FEM). The model uses the material properties of the two-dimensional 
microstructure that are obtained from digitally processed images of asphalt concrete 
mixtures. The results are compared with the experimentally determined dynamic modulus 
tests of the same cylindrical samples of asphalt concrete mixtures. FEM simulations of 
the dynamic modulus of rectangular microstructure agreed with the laboratory tests of 
cylindrical samples.  
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CHAPTER ONE 
INTRODUCTION 
1.1 Overview 
Bituminous composites are widely used in different fields of public and private 
construction including airport runways, roadways, parking lots, roofs, driveways and 
many more. Obviously a lot of money is spent on the materials, machines and manpower 
for their construction and maintenance every year, particularly roadways. The United 
States alone spends billions of dollars every year for updating its network of highways.  
Determining the best materials that can resist both short and long term distresses in 
pavements has been the primary strategy for minimizing this cost. Using several types of 
machines and methods, research engineers have proposed several methods to predict the 
life of pavements based on the properties and performance. There are also several 
prediction models based on experience and observations; however, they have not 
successfully predicted the properties and in-service performance of pavements with high 
accuracy. The objective of study was to propose a new computational micromechanics 
model to replace dynamic modulus tests of asphalt concrete mixtures, which are one of 
the longest and most expensive laboratory tests.  
Dynamic modulus is an essential property of asphalt concrete mixtures that describes 
their responses to distresses, such as fatigue cracking, low temperature cracking, rutting 
or other permanent deformation, moisture damage, etc.  The Mechanistic-Empirical 
Pavement Design Guide (MEPDG, 2004) developed by American Association of State 
Highway and Transportation Officials (AASHTO) requires either an experimentally 
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determined dynamic modulus or a predicted value based on binder properties and loading 
conditions using Witczak‟s semi-empirical model (1999, 2006) or a dynamic modulus 
value selected from its built-in data-base.  
Although the experimental determination of the dynamic modulus is recognized as an 
accurate method, it is time consuming and very expensive due to the materials, laboratory 
equipments and skilled manpower required for the multi-step process. Table 1.1 lists the 
time and equipments required for the main steps of sample fabrication and subsequent 
dynamic modulus testing.  
Table 1.1 Time and Equipments Required for Dynamic Modulus Tests 
Steps Machines Time 
Sieving Sieves or Sieving Machine 3 days 
Heating Oven 1 day 
Mixing Mixer 
Compaction Superpave Gyratory Compactor 
Coring Diamond Coring Machine 1 day 
Cutting Diamond Saw Machine 
Test Preparation Fixing Jigs, Gages, LVDTs 1 day 
Equilibrium Environmental Temperature Chamber 3 days 
Testing Universal testing Machine (UTM) 
Data Analysis Computer 1 day 
 
With the long time and expense required for these tests, cheaper, faster and repeatable 
alternative method are needed for predicting the dynamic modulus of asphalt concrete 
mixtures. The early predictive models were in the forms of nomograph and conversion 
tables, which were based on binder stiffness, and the relative proportions of binder and 
aggregate. These variables were later incorporated by the Asphalt Institute (AI) as inputs 
for semi-empirical models for predicting modulus with limited accuracy. Later, 
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Christensen (2003) proposed a semi-empirical model based on the contribution of 
stiffness by the participating constituents and their volumetrics.  
Citing the expense and time required for experiments that predict dynamic modulus by 
semi-empirical models and several assumptions made in analytical models, several 
researchers have proposed different computational micromechanics models (Masad  and 
Niranjanan, 2002, Dai and You, 2008; You, 2006; Abbas et al., 2007, Aragão et al., 2010, 
and others). Recently, Abbas et al. (2007) proposed a computational micromechanics 
model based on the discrete element method (DEM) to predict the dynamic modulus of 
asphalt concrete mixtures by simulating the tests conducted in a Superpave performance 
tester.  
Most recently, Aragão et al. (2010) proposed a new computational micromechanics 
model based on the finite element method (FEM) to predict the dynamic modulus by 
simulating cyclic uniaxial compressive tests. The researchers used fine aggregate matrix 
mixtures and aggregates as the two distinct phases of asphalt concrete mixtures (Figure 
1.1), in coherence to the phase system proposed by Kim et al. (2002, 2003, 2004 and 
2007).   
 
Figure 1.1 Phases of Asphalt Concrete Mixtures 
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The researchers concluded that their prediction of dynamic modulus was more accurate 
than the MEPDG model (Witczak and Bari, 2006) and the modified Hirsch‟s model 
(Christensen et al., 2003) when compared with the laboratory test results. In their 
predictive model, Aragão et al. (2010) used the viscoelastic properties of fine aggregate 
matrixes obtained from torsional shear tests and the elastic properties of aggregates 
obtained from nanoindentation tests. They mixed fine aggregates with the binder and 
determined the relative proportions of each based on the proportional sharing of binder 
by coarse aggregates and fine aggregates. However, they used manually applied impact 
loads to compact the samples in contrast to machinated gyratory compaction of the 
asphalt concrete mixtures.  
Kim et al. (2002, 2003, 2004 and 2007) also fabricated the fine aggregate matrix with 
roughly estimated binder content and Ottawa sand but without using any gyratory 
compaction. Their study introduced and identified the use of the fine aggregate matrix as 
a viscoelastic phase for asphalt concrete mixtures. They formulated different laboratory 
tests to determine the properties and performances of the matrix in terms of dynamic 
shear modulus.  
Even if the computational micromechanics model proposed by Aragão et al. (2010) was 
better than the semi-empirical models, it still did not address the issues of representative 
volumetric properties, such as compaction density and air void content. Thus, a 
computational micromechanics model was necessary which uses the properties of fine 
aggregate matrix mixtures with same proportion of binder and aggregates as in the matrix 
phase of asphalt concrete mixtures. In doing so, it was also necessary to compact the fine 
aggregate matrix mixtures with the same density of matrix phase in asphalt concrete 
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mixtures by using Superpave gyratory compactor. Thus, it was decided to fabricate the 
representative matrix mixtures and perform torsional shear tests to determine their 
viscoelastic properties as the input for the new model. 
As the aggregate is typically stiffer than the matrix phase, previous studies did not 
determine the elastic properties of aggregates but instead relied on literature values. 
Recently, Aragão et al. (2010) showed that the predicted value of dynamic modulus 
varied significantly when three different values of aggregate elasticity were used (Figure 
1.2). 
 
Figure 1.2 Parametric Analysis on Aggregate Stiffness (Aragão et al., 2010) 
The researchers illustrated that the computationally predicted value of dynamic modulus 
can be misleading if inaccurate values of elastic modulus are used in model simulations. 
So, Aragão et al. (2010) performed nanoindentation tests of aggregates by using thin 
slices of asphalt concrete as an alternative for performing easier, faster and repeatable 
tests to determine aggregate properties. Earlier, Dai and You (2007) also performed 
conventional compressive tests of stone aggregates of larger size. Acknowledging the 
assessment of Aragão et al (2010) about the accuracy of their model with nanoindentation 
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test results, and the possibility of performing multiple tests of common aggregates in a 
shorter time, it was decided to perform nanoindentation tests of aggregates to get their 
elasticity as the input for the new model.  
1.2 Research Objectives 
The primary objective of this study was to propose a new computational micromechanics 
model to predict the dynamic modulus of bituminous composites by using the 
experimentally determined properties of their components.  
This study also includes a protocol for designing the representative fine aggregate matrix 
mixtures of asphalt concrete mixtures and determining their viscoelastic properties along 
with a protocol for determining the elastic properties of aggregates.  
1.3 Research Scope  
As shown in Figure 1.3, three major research phases were formulated to accomplish the 
objectives mentioned above. The first phase experimentally characterized the asphalt 
concrete mixtures. The second phase experimentally characterized the fine aggregate 
matrixes and the aggregates, and established their use in a computational micromechanics 
model to predict the dynamic modulus of the mixtures based on the FEM. In the final 
phase, the dynamic modulus values of bituminous composites obtained from the 
experimental and simulation methods were compared to determine the better method. 
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Figure 1.3 Flow Chart of Research Methodology 
1.4 Thesis Organization 
This thesis consists of eight chapters including this introduction. The second chapter 
includes the literature review, which prompted the need to propose the computational 
micromechanics model for predicting dynamic modulus. The third chapter describes the 
design, fabrication and experimental characterization of cylindrical specimens of asphalt 
concrete mixtures.  
The mix design, test methodology and the characterization of fine aggregate matrix 
mixtures is discussed in chapter four. Unlike the conventional definition of asphalt 
concrete as a mixture of only aggregates and asphalt binder, the elastic phase of the 
aggregates retained on a 1.19 mm sieve and the viscoelastic phase of the fine aggregate 
matrix are described as the two distinct isotropic homogeneous phases of asphalt concrete 
mixtures. This chapter describes the mixing protocol for designing the fine aggregate 
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matrix mixture as a representative replicate of the fine aggregate matrix phase in asphalt 
concrete mixtures with respect to binder content, compaction method and density level.  
Chapter five consists of the procedures of sample preparation, test methodology and data 
analysis of quasi-static nanoindentation tests of aggregates to determine their elastic 
modulus. These values were determined experimentally as there is a wide range of values 
reported in the literature.  
Chapter six describes the steps related to image treatment, image analysis, finite element 
meshing and the test simulations for predicting the dynamic modulus of asphalt concrete 
mixtures. Unlike the three dimensional cylindrical samples used in the experimental 
characterization of asphalt concrete, two dimensional rectangular images of the vertical 
cross-section of cylindrical asphalt concrete samples were used to generate the 
microstructure required to predict the dynamic modulus computationally. 
The viscoelastic properties of asphalt concrete mixtures provided in the form of master 
curves from experimental and finite element methods are compared in chapter seven. A 
comparison of typical properties of fine aggregate matrix mixtures, their compaction 
densities and air voids were also analyzed.  
Finally in chapter eight, the suitability of using the computational micromechanics model 
as a substitute for the experimental method is reviewed and recommendations are 
provided. 
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CHAPTER TWO 
LITERATURE REVIEW 
2.1 Asphalt Binder  
Asphalt binder is a cementitious material which is primarily composed of bitumen, which 
is available naturally or produced from petroleum refining. It is dark brown to black in 
color, highly viscoelastic in nature and composed of hydrocarbons that are chemically 
produced from petroleum distillation residues. Asphalt is separated from the other 
components in crude oil (such as naphtha, gasoline and diesel) by fractional distillation. It 
is sometimes confused with tar, which is an artificial material produced by the destructive 
distillation of organic matter. Both tar and asphalt are classified as bitumen, a 
classification that includes all materials entirely soluble in carbon disulphide. The main 
forms of asphalt used in pavement construction are asphalt binder itself, cutbacks, 
emulsifiers and foamed asphalts. 
Determining a suitable type of bituminous binder for the specific purpose of a mixture 
has always been a crucial step of bituminous mixture design, which has been used graded 
according to the penetration, viscosity, aging and performance of binder. Originally 
developed by Bowen of Barber Asphalt Co. in 1888 and adopted officially by ASTM 
Committee D-4 in 1903, the penetration grading system measures the depth of 
penetration obtained by indenting a binder with a specially designed needle. In 1918, the 
Bureau of Public Roads (which is now the Federal Highway Administration, FHWA) 
developed different types of penetration grades with special suggestions for the northern 
and southern states, which are exposed to different climate conditions.  AASHTO 
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published similar specifications in 1931, and added thin film oven tests in 1955. Citing 
the incapability of predicting complete behavior of binder based on tests at just 25
o
C, the 
viscosity grading system was later introduced with provisions of tests at 60
o
C, which is 
similar to the in-service pavement temperature during the summer season. The aged 
residue grading system was developed in the 1960s, which used rolling thin film oven 
tests of binders at 25
o
C, 60
o
C and 135
o
C to account for the aging effect of a binder after 
being mixed as per ASTM D-3381. 
The performance grading system is the latest grading system, which addresses the issues 
related to the construction and in-service temperatures, variable traffic volumes and 
speeds, short-term and long-term aging of binder. It was developed by the Strategic 
Highway Research Project (SHRP, 1987-1992) under the Superior Performing Asphalt 
Pavements (Superpave) system. In this new grading system, the fundamental properties 
of binders are related to the pavement performance in terms of the climate conditions 
experienced during the overall life of the pavement. Several tests to determine the 
properties of original and aged binders are conducted in this system, which are directly 
related to their performances against common distresses, such as rutting, fatigue, low 
temperature cracking and flow issues. Each binder in this system is represented by a 
simple notation PG XX-YY where PG refers to an abbreviation for Performance Grade, 
XX refers to the average seven day maximum pavement temperature (
o
C) in a year and 
YY refers to the minimum temperature (
o
C). 
2.2 Aggregates 
Aggregate is a collective term for sand, gravel and crushed stone mineral materials in 
their natural or processed state (NSSGA, 2010). By weight, 94 % of asphalt concrete 
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mixtures and 80 % of concrete mixtures are aggregates. According to NSSGA, nearly 1.9 
billion metric tons of aggregates were produced in 2009 at an approximate cost of $17.2 
billion. Every mile of interstate pavement contains 38,000 tons of aggregates. About 10 
tons of aggregates are used per person annually in America. With more than 2 million 
miles of asphalt pavements, it is important to use the most efficient aggregate materials, 
design and construction methods to maximize pavement performance.  
The sand, gravel, crushed stones, and recycled concretes are the main aggregates used in 
flexible pavements, which can vary in source, gradation and angularity. Usually, 
aggregates are obtained by crushing rocks in igneous, sedimentary and metamorphic rock 
quarries, and by collecting the sand and gravel obtained from continuous disintegration of 
natural rocks. 3ACR, 47B, 2A, 5/8” limestone, ¼” limestone, screenings, man sand, and 
fine sand are the common aggregates used in Nebraska roads. According to ASTM D692 
and ASTM D1073, the coarse aggregates are separated from fine aggregates by retention 
on a 4.75 mm sieve. Also, ASTM D242 and AASHTO T11 identify the fillers as the 
aggregates, of which at least 70 % pass through a 0.075 mm sieve.  
Druta (2006) reported that the increase of the amount of fine particles in asphalt binder 
decreases the stiffness of the mastic and increases the chances of rutting. Prowell et al. 
(2005) reported that the fine particles cover the aggregates and prevent the adherence of 
the asphalt to the surface, thus increasing the chances of damages related to moisture 
infiltration. A method to remove the excess amount of dust and fines from the aggregates 
is thus required. 
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2.3 Asphalt Concrete Mixtures 
2.3.1 Background 
Asphalt concretes are the primary mixtures used in the construction of flexible 
pavements. They are composed of heterogeneous mixtures of bituminous binder and 
aggregates with or without fillers such as hydrated lime, fly ash, and Portland cement. 
Bituminous mixtures were first produced and used in sidewalks, crosswalks, and even 
pavements in the United States in the late 1860s (Gillespie, 1992).  Edmund J. DeSmedt 
mixed and laid the pavement in front of the City Hall in Newark, New Jersey with a 
mixture of sand and asphalt in 1870, marking the first use of asphalt mixtures in 
pavement construction in the United States. DeSmedt also paved 54000 square yards of 
road on Pennsylvania Avenue in Washington D.C. with the asphalt brought from 
Trinidad Lake.  
Nathan B. Abbott filed the first U.S. patent for a hot mixed asphalt mixture in 1871. In 
1900, Frederick J. Warren, from Warner Brothers Company, filed a patent for a 
“Bitulithic” mixture, which expired in 1920. Their mix protocol required sand, coarse 
sand, crushed gravel and penetration asphalt to be mixed in the proportion of 200 lb: 300 
lb: 400 lb: 50 lb, respectively. Later, a number of innovative mixtures, such as Wilite, 
Romanite, National Pavement, Imperial, Indurite, and Macasphalt were patented, each 
with their own innovative recipe (Gillespie, 1992). Since then, asphalt concrete mixtures 
have been designed with more standard scientific methods following the guidelines from 
specialization agencies like Asphalt Institute, American Association of State Highway 
and Transportation Officials, and the state and federal transportation agencies. 
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2.3.2 Properties 
2.3.2.1 Physical Properties 
Specific Gravity 
The specific gravity of mixtures is defined as the ratio of the weight of a unit volume of 
the mixture to the weight of unit volume of distilled water at the same temperature. 
Simply, it is the ratio of density of the mixture to the density of distilled water. Two kinds 
of specific gravities of aggregates are usually measured for mixtures – the bulk specific 
gravity of the compacted mixture and the theoretical maximum specific gravity of the 
mixture. The bulk specific gravity of a mixture is defined as the specific gravity of the 
compacted sample as determined by AASHTO T166. The theoretical maximum specific 
gravity of mixture is defined as the maximum specific gravity the asphalt mixture could 
possibly attain devoid of any air voids. It is determined by AASHTO T209 and called the 
rice test. 
Volumetrics 
McLeod (1956) proposed that asphalt concrete mixtures should be analyzed based on the 
volumetric criteria such as voids in mineral aggregates (VMA), which is based on the 
volume of specimen that is compacted by 75 blows on each side with a Marshall 
Compaction hammer. He recommended a minimum of 15 % for VMA, and an air void 
content of 3 % to 5 %, based on the bulk specific gravity of aggregates as 2.65 and that of 
asphalt cement as 1.01, without any consideration of absorbed binder. Later, McLeod 
(1959) included the binder absorption and recommended a minimum level of 4.5 % of 
asphalt binder to achieve satisfactory durability. The Asphalt Institute (AI) adopted the 
relationship between the voids in mineral aggregates (VMA) and the nominal maximum 
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particle size (NMAS), proposed by McLeod (1959) based on the bulk specific gravity of 
aggregates and an air void content of 5% for the compacted mix in 1984. It was not 
noticed until 1993 that McLeod (1959) recommendations were all based on an air void 
content of 5% but not the 4 % air voids used in design currently. The Asphalt Institute 
revised its mix design method of 1984 for the minimum VMA requirements based on 
3%, 4% and 5% air voids in 1993. The Superpave mix design procedures used the similar 
volumetric requirements for VMA. 
Kandhal et al. (1998) specified a minimum average film thickness of asphalt binder rather 
than specifying the minimum VMA requirement based on minimum asphalt content for 
the durability of asphalt mixtures. Campen et al. (1959) had earlier recommended an 
average film thickness ranging from 6 to 8 microns. Goode and Lufsey (1965) proposed 
to include a minimum value for the bitumen index as the criteria for mixing protocols. 
They defined the „bitumen index‟ as the weight of asphalt cement in pounds per square 
foot of surface area, the minimum being 0.00123 which basically corresponds to an 
average film thickness of 6 microns.  
Kumar and Goetz (1977) proposed that the ratio of film thickness factor to the 
permeability of HMA be used as the criterion for predicting the resistance of hardening of 
asphalt binder in a single-sized HMA mix. They defined the film thickness factor as the 
ratio of the percentage of asphalt cement content available for a thorough coating of the 
aggregates to the surface area of the aggregates. Kandhal and Chakraborty (1996) 
proposed that an optimum average film thickness of 4 to 13 microns be provided to 
asphalt mixtures, which was calculated by using a mathematical relation between the 
various asphalt film thickness and the aging characteristics of a dense-graded HMA mix. 
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In another study, Kandhal and Chakraborty (1996) found a strong relationship between 
asphalt binder film thickness, tensile strength and resilient modulus of HMA, and 
proposed film thickness of 9 to 10 microns for specimens compacted with 8 % air voids. 
Similarly, Hinrichsen and Heggen (1996), Roberts et al. (1996), Kandhal et al. (1998) 
discussed and recommended film thickness as one of the design criteria of asphalt 
mixtures.  
Radovskiy (2003) derived an analytical formula for calculating film thickness in 
compacted samples of asphalt concrete. The researcher included the concept of degree of 
compaction and possible overlap between the film thicknesses, which yielded a value 40 
% lower than the conventional method. Even if the researcher included the random 
geometric orientation of size-graded spheres, the researcher distributed the binder as 
spherical shells around the aggregate particles and used an average value of thickness. 
The previous studies consistently used the average film thickness, which is controversial 
because fine aggregates and coarse aggregates are coated with a different film thickness, 
and aggregates of the same type or size might have a different film thickness depending 
on their surface characteristics.  
Film thickness is a proxy for the surface area of aggregates, unlike volumetric criteria, 
which are based on volume of the aggregates. The durability of asphalt mixtures is more 
related to a minimum film thickness of binder around the surface of aggregates to ensure 
better and stronger bonding. It is possible that a smaller thickness of binder around the 
coarser aggregates is preferable even when the VMA requirements are fulfilled. Eriksen 
and Wegan (1993) and Masad et al. (1999) studied film thickness using digital image 
analysis. Masad et al. (1999) characterized the internal structure of asphalt concrete 
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mixtures by quantifying the aggregate orientation, gradation, and aggregate segregation 
in HMA and studied the influence of compaction levels produced by a Superpave 
gyratory compactor.  
Elseifi et al. (2008) studied the validity of asphalt film thickness in asphalt concrete by 
imaging the asphalt concrete mixtures with a live-feed camera that had a pixel to micron 
ratio of 0.008 and powerful software for the image processing and analysis. They studied 
the film thickness based on the measurements made by using the image analysis 
techniques, the reflective light microscope and the scanning electron microscopy (SEM), 
and concluded that films surrounding the large aggregates actually consisted of asphalt 
mastic films with irregular shape with varying thickness, ranging from 2 to 100 microns. 
Another important observation was that they did not detect any air voids in asphalt 
mastics, but only near the boundary between the large aggregates and asphalt mastic. 
They identified the asphalt mastics as mixtures of fine aggregates, mineral fillers and the 
asphalt cement. In this study, this kind of mixture was designed and studied as a fine 
aggregate matrix (FAM), an average uniform thickness of 12 microns was assumed based 
on the ranges provided by conventional methods and Elseifi et al. (2008), and by 
considering the workability during mixing and compaction. 
2.3.2.2 Engineering Properties 
The viscoelastic properties of asphalt concrete mixtures are characterized in terms of 
complex modulus obtained from the time-temperature dependent relationship of stress 
and strain. The complex modulus, E* is expressed in terms of two other modulus values, 
the storage modulus and the loss modulus; its absolute value is called the dynamic 
modulus. Mathematically, the storage modulus and loss modulus are the cosine and sine 
17 
 
values of dynamic modulus respectively. The storage modulus, E‟ represents the real part 
of the complex modulus, which describes the restoration of the shape of the body after 
being deformed by an applied load. Simply, it is the elastic part of the complex modulus 
and represents the elastic recovery property of the material. Similarly, the loss modulus, 
by name, is an imaginary modulus that describes the loss of the strength of viscoelastic 
materials with time, and hence represents their viscous property. Material property can 
also be characterized by using phase angle between the loss modulus and storage 
modulus. Phase angle refers to the lag between stress and strain signals. The phase angle 
of 0
0
 refers to a purely elastic material while a phase angle of 90
0
 refers to a purely 
viscous material. The relationships between the four moduli and the phase angle are 
expressed in the following equations and Figure 2.1: 
𝐸∗  =  𝐸‟ +  𝑖 𝐸”         (2.1) 
𝐸′ =  |𝐸∗| 𝑐𝑜𝑠 𝛷          (2.2) 
𝐸" =  |𝐸∗| 𝑠𝑖𝑛 𝛷          (2.3) 
Where, 
|𝐸∗|  =   (𝐸′)2 + (𝐸")2          (2.4) 
𝛷 = 𝑡𝑎𝑛−1  
𝐸"
𝐸′
          (2.5) 
 
Figure 2.1 Components of the Complex Modulus 
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Experimentally, the loss or storage moduli of asphalt concrete are determined by 
conducting the dynamic modulus tests in the haversine loading model. The curves of 
dynamic modulus obtained for several frequencies at different temperatures are shifted 
horizontally in the frequency domain to a reference temperature to generate a master 
curve for a wide range of frequencies at that temperature. The lower and higher values of 
frequencies exhibited by the master curve are difficult to reproduce in the laboratory. 
This is one of the reasons for creating the master curves. Another benefit of creating a 
master curve is that with the shift factors, the master curve at a particular temperature can 
be shifted to any other temperature, which requires a long equilibrium time in the 
laboratory. The time-temperature shift factor can be defined as the horizontal shift that 
must be applied to the material properties at any temperature to determine the same 
properties at a reference temperature and is given by: 
𝑙𝑜𝑔⁡(𝑎𝑇) = 𝑙𝑜𝑔⁡t 𝑇 − 𝑙𝑜𝑔 t (𝑇𝑟𝑒𝑓 )       (2.6) 
Where, t(T) and t(Tref) refer to the loading time at the test temperature, T and reference 
temperature, Tref respectively. The above equation shows that the shift factor is equal to 
one at the reference temperature and changes with change in temperature. Several models 
have been proposed to determine the shift factors of viscoelastic materials, the most 
common being the Arrhenius model and Williams- Landel-Ferry (WLF) model. In 
Arrhenius model, the shift factor is calculated by the following equation: 
𝑙𝑜𝑔⁡(𝑎𝑇) =
𝛥𝐹
2.303𝑅
 
1
𝑇
−
1
𝑇𝑟𝑒𝑓
         (2.7) 
Where, R is 1.987 calories per gram mole per 
o
K, ΔF is the activation energy (calories per 
gram mole), T is the measurement temperature (
o
K) and Tref is the reference temperature 
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(
o
K). Similarly in Williams- Landel-Ferry (WLF) model, the shift factor is calculated by 
the following equation:  
𝑙𝑜𝑔⁡(𝑎𝑇) =
−𝐶1 𝑇−𝑇𝑟𝑒𝑓  
𝐶2+ 𝑇−𝑇𝑟𝑒𝑓  
        (2.8) 
Where, C1 and C2 are arbitrary material constants. An approximate method of master 
curve fitting is also available which uses a sigmoidal function of time with the maximum 
and minimum values of the dynamic modulus (α + δ) and δ and the curve fitting 
constants γ and β as shown below: 
𝐿𝑜𝑔(|𝐸∗|)  =  𝛿 +
𝛼
(1+𝑒𝛽 +𝛶   𝑙𝑜𝑔 (𝑡𝑟 ))
       (2.9) 
The master curves of the storage modulus are similarly generated using the Prony series 
(Christensen, 2003). The Prony series represents the mechanical analogy of viscoelastic 
material behavior more rationally, where the linear elastic properties are represented by 
springs and the time-dependent viscous properties are represented by the dash pots.  
𝐸′ 𝜔 = 𝐸∞ +  
𝜔2𝜏𝑖
2
𝜔2𝜏𝑖
2+1
𝑛
𝑖=1 𝐸𝑖         (2.10) 
𝐸′′ 𝜔 =  
𝜔𝜏𝑖
𝜔2𝜏𝑖
2+1
𝑛
𝑖=1 𝐸𝑖         (2.11) 
Where, E ∞, E i and  i represent the Prony series coefficients. The same coefficients are 
used to express the relaxation modulus of the material in time domain as follows: 
𝐸 𝑡 = 𝐸∞ +   𝐸𝑖  𝑒𝑥𝑝  −
𝑡
𝜏𝑖  
 n𝑖=1        (2.12) 
Similar to the relaxation modulus, viscoelastic properties are expressed in terms of other 
moduli, namely the shear modulus and the bulk modulus. Given that Poisson‟s ratio, ν, 
does not change with time, these can be converted by using the following equations:  
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𝐺 𝑡 =  
𝐸 𝑡 
2  1+𝜈  
         (2.13) 
𝐾 𝑡 =  
𝐸 𝑡 
3  1−2𝜈  
=
2 1+𝜈 
3  1−2𝜈  
𝐺 𝑡        (2.14) 
Similar to relaxation modulus, the shear and bulk moduli can be expressed in Prony 
series as follows. 
𝐺 𝑡 = 𝐺∞ +  𝐺𝑖 𝑒𝑥𝑝  −
𝑡
𝜏𝑖
𝐺 
𝑛𝐺
𝑖=1        (2.15) 
𝐾 𝑡 = 𝐾∞ +  𝐾𝑖 𝑒𝑥𝑝  −
𝑡
𝜏𝑖
𝑘 
𝑛𝑘
𝑖=1        (2.16) 
Where, G∞ and K∞ represent the long-term values for shear and bulk modulus, 
respectively, 𝜏𝑖
𝐺   and 𝜏𝑖
𝑘   represent the relaxation times of shear and bulk modulus 
respectively, and nG and nK, are the number of Prony series terms.  
2.3.3 Asphalt Concrete Characterization 
2.3.3.1 Experimental Models 
Hot mix asphalt (HMA) mixture is the most common composite that uses two distinct 
components with totally different behavior – elastic aggregates and viscoelastic binder. 
The overall behavior of the mixture depends on the properties of the individual 
components and how they react with each other. The behavior of viscoelastic mixtures is 
represented by a characteristic master curve which is generated simply by shifting the 
frequency sweep curves at several temperatures to one reference temperature until the 
resultant curve is smooth.  
There are several standards in use for determining the dynamic modulus, which conduct 
frequency sweeps from 25 Hz to 0.01 Hz at -10
o
C to 54.4
o
C in sequence. The latest 
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design guide, the Mechanistic-Empirical Pavement Design Guide (MEPDG), which was 
developed by the American Association of State Highway and Transportation Officials 
(AASHTO) in 2004, incorporates different levels of analysis depending on the available 
input types. Level one of the MEPDG requires the experimental values of dynamic 
modulus, Poisson‟s ratio, loading frequencies and temperatures to generate the 
characteristic master curve. The other properties required for distress transfer functions 
and climatic modeling are tensile strength, creep compliance, coefficient of thermal 
expansion, surface shortwave absorptivity, thermal conductivity, heat capacity, asphalt 
binder viscosity, etc. Because it uses the experimental values, it is the most accurate 
method for predicting the property of mixtures.  
The AASHTO provisional standard PP61 and AASHTO standard TP62 are the standard 
methods of determining the dynamic modulus of asphalt concrete mixtures 
experimentally. ASTM D3497 was also in use for determining dynamic modulus 
experimentally but was withdrawn in 2009. Kim et al. (2004) suggested of characterizing 
dynamic modulus as the most important property of hot mix asphalt mixtures by 
performing the indirect tensile (IDT). They recommended increasing the testing 
frequencies by two and decreasing the number of testing temperatures to three to 
decrease the total testing time without compromising the quality of the tests. 
2.3.3.2 Empirical and Semi-empirical Models 
The Shell Nomograph is a graphical model used to find the stiffness of asphalt concrete 
mixtures based on stiffness of binder, volumetric percentage of binder and aggregates. 
Similarly, Bonnaure et al. (1977) proposed an empirical model with the same variables 
used by the Shell Nomograph. Later, the Asphalt Institute (AI) incorporated material 
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properties, mix volumetrics, traffic loading and climate conditions by formulating an 
equation for dynamic modulus in terms of penetration depth of binder, percentage of 
aggregates less than 0.075 mm in size, volume content of binder, frequency of loading, 
air void content, and temperature.  
Despite the available standards, the tests are still troublesome with respect to the time and 
money required for statistically agreeable results. In an attempt to reduce the cost and 
time required to fabricate and test the samples and obtain the characteristic master curves, 
researchers have suggested several semi-empirical predictive models to determine 
dynamic modulus (Bonnaure et al., 1977; Witczak et al., 1999, Christensen et al., 2003, 
Bari and Witczak, 2006). The properties of the individual components and the 
volumetrics of the mixtures are used as the inputs for these models, and a master curve is 
generated for any required temperature and reduced frequency. Christensen et al. (2003) 
proposed a semi-empirical model by modifying the Hirsch law of mixtures. The Hirsch 
model (1962) used the law of mixtures to determine the overall property of the 
composites in terms of properties of their components which Christensen et al. (2003) 
modified to derive the equation for predicting the stiffness of asphalt mixtures from 
inputs such as voids filled with asphalt (VFA), voids in mineral aggregates (VMA) of the 
mixture, dynamic shear modulus of the binder, |Gb*| and the contact volume of aggregate 
(Pc) as follows: 
 𝐸∗ =  𝑃𝑐  4200000 𝑥  1 −
𝑉𝑀𝐴
100
 + 3   𝐺𝑏
∗   
𝑉𝐹𝐴  𝑥𝑉𝑀𝐴
10000
  +  1 − 𝑃𝑐  
1−
𝑉𝑀𝐴
100
4200000
+
𝑉𝑀𝐴3𝑥 𝑉𝐹𝐴𝑥 𝐺𝑏∗−1         
 (2.17) 
Where, 
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𝑃𝑐 =
 20+ 
𝑉𝐹𝐴  𝑥  3 𝑥   𝐺𝑏
∗   
𝑉𝑀𝐴
 
0.58
650+  
𝑉𝐹𝐴  𝑥  3 𝑥   𝐺𝑏
∗   
𝑉𝑀𝐴
 
0.58         (2.18) 
Similarly, there are also methods to predict the dynamic modulus and constructing the 
master curves by using the volumetric and asphalt binder properties as inputs in second 
and third levels of MEPDG. These methods use a regression equation originally derived 
by Witczak in 1999 and modified by Bari and Witczak in 2006. The original Witczak‟s 
stiffness predictive model was developed by a multivariate regression analysis of 2,750 
experimental data from more than 200 mixtures where the volumetric of mixtures, the 
viscosity of the binder η and the loading frequency f were used as the inputs to 
characterize the composites. 
Bari and Witczak (2006) added 4650 experimental data from 346 mixtures to this original 
model (1999) and reran the multivariate regression analysis. Instead of using the viscosity 
and loading frequency to characterize the mechanical behavior of the binder phase, they 
introduced the dynamic shear modulus, |Gb*| and phase angle of the binder, δb as the 
material properties of binder in the revised equation. The percentage of aggregates 
passing through a No. 200 sieve by weight of total aggregates, ρ200, the cumulative 
percentages of aggregates retained on sieve number 4, sieve number 3/8” and sieve 
number 3/4”, ρ4, ρ38, ρ34, respectively were the inputs for gradation. Similarly, the 
percentage of air voids by volume, Va and effective binder in the mixture by volume, 
Vbeff were the two inputs for the volumetric properties of the mixtures. The most recent 
equation is given below: 
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log E∗ 
=  −0.349
+ 0.754|Gb
∗   −0.0052   6.65 − 0.032ρ200 + 0.0027ρ200
2 + 0.011ρ4 − 0.0001ρ4
2
+ 0.006ρ38 − 0.00014ρ38
2 − 0.08Va − 1.06  
Vbeff
Vbeff + Va
  
+
2.56 + 0.03Va + 0.71  
Vbeff
Vbeff + Va
 + 0.012ρ38 − 0.0001 ρ38
2 − 0.01 ρ34  
1 + e(−0.7814−0.5785 LOG (|Gb
∗ |)+0.8834LOG (δb )
 
           (2.19) 
The new version of predictive model from Bari and Witczak (2006) is better than the 
earlier version due to the use of more data and more representative properties of the 
binder. Some concerns still exist, including higher error percentage at extremely high and 
low temperature conditions, as discussed by Bari and Witczak (2006) themselves and 
Ceylan et al. (2009).  
Ceylan et al. (2009) proposed to replace the regression analysis based-prediction models 
used in the dynamic modulus of asphalt concrete with one they developed based on 
artificial neural networks (ANNs). The researchers used the 7400 data points of dynamic 
modulus |E*| obtained from 346 HMA mixtures for the NCHRP Report 547 and 
concluded that the ANN |E*| models were more accurate than the existing regression 
models and could easily be incorporated into the MEPDG. 
2.3.3.4 Analytical Micromechanics Model 
There has been a keen interest in developing analytical micromechanics models to predict 
the properties and performance of polymer composites with time and temperature (Voigt, 
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1889; Hashin, 1962; Hirsch, 1962; Hashin and Shtrikman, 1963; Counto, 1964; Hashin, 
1965; Mori and Tanaka, 1973; Christensen and Lo, 1979, Aboudi, 1991;, etc.). Similar 
interest has been seen in models of asphalt concrete composites by a micromechanics 
approach (Buttlar, 1996, 1999; Uddin, 2001; Shashidhar and Shenoy, 2002; Christensen 
et al., 2003). Buttlar and Roque (1996) found that the micromechanics models used for 
polymer composites were not suitable for asphalt concrete mixtures. Buttlar (1999) tried 
to use an equivalent rigid-layer modeling concept to understand the behavior of asphalt 
mastic. Shashidhar and Shenoy (2002) found deficiencies in the Buttlar model (1999) at 
higher volume fractions of fillers and derived a simplified equation to evaluate the 
efficiency of the model for correctly predicting the stiffness ratio of asphalt mastics in 
terms of merits and demerits.  
Uddin (2001) proposed a micromechanics method to calculate the creep compliance of 
asphalt concrete mixtures by using the experimentally determined characteristics of 
binder as a viscoelastic material and that of aggregates as the elastic materials. Similarly, 
Shu and Huang (2008) studied dynamic modulus of the composites by embedding the 
mastic-coated aggregate particles into the equivalent medium of HMA mixtures and 
derived equations to predict their dynamic modulus, which accounted for the aggregate 
gradation and the air void size distribution. The researchers also conducted laboratory 
tests to determine the dynamic modulus of mastics and HMA mixtures, and incorporated 
these values into the analytical solutions. They obtained a good agreement between the 
predicted and experimentally obtained dynamic modulus values at high frequencies. 
However, there were several assumptions made to simplify and speed up the solutions 
derived by the analytical and semi-empirical models described above, which replaced the 
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conditions such as heterogeneity, cohesion, adhesion, anisotropy, etc. by homogeneity 
and isotropy. 
2.3.3.5 Computational Micromechanics Model 
The limitations of the models described above have been overcome in some of the 
computational micromechanics models based on the finite elements method (Masad and 
Niranjanan, 2002; Papagiannakis, 2002, Aragão et al. 2010, etc.) and the discrete element 
method (Abbas et al., 2005; You., 2003; Dai and You, 2007, 2008; You and Buttlar, 
2006; You et al. 2008).  
Masad and Niranjanan (2002) developed a finite element model to study the influence of 
localized strain distribution on HMA (hot mix asphalt) by using the microstructure 
obtained by image analysis, which identified particles greater than 0.3 mm as aggregates 
and others as mastics. Papagiannakis et al. (2002) used the two-phase microstructure of 
asphalt concrete mixtures to predict the dynamic shear modulus and phase angle using 
the finite element method (FEM) and verified by comparing the results to those from 
Superpave shear tester. Abbas et al. (2005) used the discrete element method (DEM) to 
predict the dynamic modulus of asphalt mastics made from different binders and minerals 
passing through 0.075 mm sieve in different volumetric proportions and compared them 
to other micromechanics models and the dynamic shear rheometer results. This model 
appeared to be more accurate than other models. Abbas et al. (2007) studied the two 
distinct aggregate and mastic components of the HMA microstructure, which were 
obtained by cutting the HMA and scanning them. They subjected the microstructure to 
oscillatory loads to simulate the simple performance tests (SPT) in two dimensions using 
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the DEM for analysis. They found that their results overestimated the dynamic modulus 
of mixtures with original binders but underestimated for modified binders.  
Dai and You (2007) also presented micromechanics finite-element and discrete-element 
models to predict overall creep stiffness of asphalt mixtures by using the creep stiffness 
properties of the two distinct aggregate and mastic components. To determine the creep 
stiffness, they performed uniaxial compressive tests of aggregates and creep compliance 
tests of mastic samples fabricated by mixing binder and fine aggregates passing through 
2.36 mm sieve. By comparing the results of the two models with the laboratory test 
results, they concluded that both methods were applicable for predicting the creep 
stiffness of the mixtures. 
Recently, Aragão et al. (2010) predicted the dynamic modulus of asphalt mixtures by 
using two semi-empirical, models, one analytical model and one computational 
micromechanics model. The researchers obtained the properties of the fine aggregate 
matrix with hydrated lime by sweeping the oscillatory frequency at several temperatures 
and then obtained the characteristic Prony series coefficients from their master curves. 
Similarly, the researchers obtained the Young‟s modulus of elasticity of the aggregates 
by performing nanoindentation tests. Using the material properties of aggregates and fine 
aggregate matrix, the researchers predicted the stiffness of the asphalt concrete mixture in 
terms of dynamic modulus and compared these values to those derived from other semi-
empirical and experimental models.  
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2.4 Fine Aggregate Matrix Mixtures 
2.4.1 Background  
Asphalt concrete mixtures are usually designed based on either volumetric properties 
such as, VMA, air voids or average film thickness, or properties of its distinct 
components – the elastic phase of aggregates and the viscoelastic phase of asphalt binder. 
This conventional method ignores the fact that there is a distinct matrix phase of fine 
aggregates and binder, rather than just binder. In addition to binder, the entire matrix 
phase is responsible for creating the more compliant phase in the asphalt concrete 
mixtures. This conventional method also ignores the fact that the fine aggregates and 
coarse aggregates have different film thicknesses. 
Campen et al. (1959), Goode and Lufsey (1965), Kumar and Goetz (1977), Kandhal and 
Chakraborty (1996), Hinrichsen and Heggen (1996), Roberts et al. (1996), Kandhal et al. 
(1998) and Radovskiy (2003) specified a minimum average film thickness of asphalt 
binder around the aggregates to describe the durability of asphalt mixtures rather than 
specifying the minimum VMA requirement based on minimum asphalt content. In almost 
all of these conventional methods, binder was assumed to be coated as a spherical shell 
around the aggregate particles with a consistent average film thickness, which is in 
contrast to the fact that fine and coarse aggregates of same and different aggregates have 
different film thicknesses. 
Eriksen and Wegan (1993), Masad et al. (1999), Masad and Niranjanan (2002), Kim et al. 
(2002, 2003, 2004 and 2007), Papagiannakis (2002), Dai and You (2007, 2008), Abbas et 
al. (2005, 2007), Elseifi et al. (2008), Aragão et al. (2010) defined asphalt matrix as the 
mixture of asphalt cement and fillers. Even though they used a different value for the 
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maximum size of fine aggregates, they all agreed in the viscoelastic behavior of the fine 
aggregate matrix.  
Elseifi et al. (2008) studied the validity of asphalt film thickness in asphalt concrete by 
imaging the asphalt concrete mixtures with a live-feed camera that had a pixel to micron 
ratio of 0.008 and powerful software for the image processing and analysis. They 
measured the film thickness and concluded that the films surrounding the large 
aggregates actually consist of asphalt mastic films with irregular shape of varying 
thickness ranging from 2 microns to 100 microns. They identified the asphalt mastics as 
mixtures of fine aggregates, mineral fillers and the asphalt cement. Kim et al. (2002, 2003 
and 2004) performed several kinds of tests using cylindrical torsional bars of a fine 
aggregate matrix made from Ottawa sand and binder, which defined the homogeneous 
phase of asphalt concrete mixtures. Kim et al. (2007) reiterated that the asphalt concrete 
can be modeled as a heterogeneous mixture with three characteristically different phases 
– coarse aggregates, fine aggregate matrix, and the cohesive zone within the asphalt 
matrix and along matrix and particle boundaries. Dai and You (2007) mixed the fine 
aggregates passing through a 2.36 mm sieve with binder and performed the creep 
compliance tests to determine the creep compliance and the creep stiffness.  
Abbas et al. (2005) mixed binders and minerals passing through a 0.075 mm sieve in 
different volumetric proportions and performed dynamic shear modulus tests using a 
rheometer. Aragão et al. (2010) fabricated the fine aggregate matrix by blending 
aggregates in the same proportion as used in asphalt concrete mixtures and performed the 
frequency sweep tests of cylindrical torsional bars to characterize their viscoelastic 
properties. The researchers calculated the binder content by assessing the proportions of 
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binder associated with coarse aggregates and fine aggregates, which were defined on the 
basis of retention on a 0.6 mm sieve.  
2.4.2 Properties 
Relaxation modulus and creep compliance are basic viscoelastic properties of fine 
aggregate matrix as discussed by Kim et al. (2002, 2003, 2004 and 2007). These modulus 
values are obtained by browsing and converting the material constants determined from 
dynamic shear modulus of torsional bars of fine aggregate matrix. The dynamic shear 
modulus |G*| is the absolute value of complex shear modulus, G*, which consists of a 
real part and an imaginary part. The real part is called the storage shear modulus, which 
tends to recover the shear strength during a torsional loading. It thus signifies the elastic 
recovery tendency of the material, and is called the elastic part of complex shear 
modulus. Similarly, the imaginary part of the complex shear modulus is called the loss 
shear modulus due to its tendency to lose shear strength with time. The loss shear 
modulus, storage shear modulus, dynamic shear modulus, complex shear modulus and 
the phase angle are expressed in the following equations and Figure 2-2: 
𝐺∗  =  𝐺‟ +  𝑖 𝐺”         (2.20) 
𝐺′ =  |𝐺∗|𝑥 𝑐𝑜𝑠 𝛷           (2.21) 
𝐺" =  |𝐺∗|𝑥 𝑠𝑖𝑛 𝛷          (2.22) 
Where, 
|𝐺∗|  =   (𝐺′)2 + (𝐺")2          (2.23) 
𝛷 = 𝑡𝑎𝑛−1  
𝐺"
𝐺′
          (2.24) 
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Figure 2.2 Components of the Complex Shear Modulus 
Similar to asphalt concrete mixtures, the master curves of the loss shear modulus and the 
storage shear modulus in angular frequency domain are used to derive the Prony series 
coefficients which are the constants that can characterize the viscoelastic materials.  
𝐺 ′ 𝜔 = 𝐺∞ +  
𝜔2𝜏𝑖
2
𝜔2𝜏𝑖
2+1
𝑛
𝑖=1 𝐺𝑖         (2.25) 
𝐺 ′′ 𝜔 =  
𝜔𝜏𝑖
𝜔2𝜏𝑖
2+1
𝑛
𝑖=1 𝐺𝑖         (2.26) 
Where, G ∞, G i and  i respectively represent the long-term coefficient of the spring, the 
coefficients of the elastic constants and the relaxation times representing the time 
dependent viscous decay rates for n number of the dashpots. The same coefficients are 
valid for the shear modulus in the time domain as discussed with conversion factors in 
the property section of asphalt concrete mixtures above. 
2.4.3 Fine Aggregate Matrix Characterization 
Instead of predicting the total failures of pavement on a global scale, researchers assess 
the individual damages due to moisture, fatigue, rutting and low temperature effects by 
modeling the binders, aggregates and interfaces, and then superimposing those local 
damages into bulk samples to predict the cumulative failures. They have designated the 
aggregates and binder phases as the basic phases of the asphalt mixtures, which 
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correspond to the fact that asphalt concrete pavements are constructed using a heated 
mixture of aggregates and binder. However, experience has shown that fine aggregates 
and binder make a near homogeneous mixture when mixed at high temperature, covering 
and binding the coarse aggregates intact. 
Goodrich (1988, 1991), Christensen and Anderson (1992) and some other researchers 
performed the torsional dynamic shear tests of rectangular bars of asphalt concrete 
mixtures to characterize their properties. Reese (1997) proposed to use torsional loading 
instead of bending citing the fact that torsional loading serves as a better simulation of 
damage due to traffic than bending. Kim et al. (2002, 2003 and 2004) developed a 
protocol to perform oscillatory torsional shear tests of cylindrical bars of asphalt binder 
and fine aggregates. Based on the 10 micron film thickness around the aggregates, the 
researchers derived a binder content of 8.23 % by weight of total mixture, and fabricated 
50 mm long and 12 mm diameter cylindrical samples of fine aggregate mixtures by 
mixing the pure binders and Ottawa sand. The comparatively homogeneous test samples 
were able to maintain their shapes without plastic flow during testing. The researchers; 
however, compacted the samples in a specially fabricated mold applying impact loads 
without keeping a compaction consistent with the gyratory compaction in the laboratory. 
The researchers determined the linear viscoelastic limits from dynamic shear strain sweep 
tests, and the dynamic shear modulus and phase angle from dynamic frequency sweep 
tests, and major change in dynamic modulus, pseudo stiffness and strain energy from the 
time sweep tests. Similar studies by Kim et al. (2002, 2003 and 2004) have also used the 
fine aggregate matrix as the more homogeneous phase of asphalt concrete mixtures. 
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Kim et al. (2007) reiterated that asphalt concrete can be modeled as a heterogeneous 
mixture with three characteristically different phases (i.e., coarse aggregates, surrounding 
black phase or asphalt matrix, and the cohesive zone phase within the asphalt matrix and 
along matrix/particle boundaries) to signify the damage evolution due to crack growth. 
They modeled the coarse aggregates as isotropic elastic materials with an elastic modulus 
of 55.2 G Pa and a Poisson‟s ratio of 0.15. They characterized fine aggregates matrix by 
performing dynamic frequency sweep tests of cylindrical matrix bars of 50 mm length 
and 12 mm diameter from 0.01 Hz to 10 Hz at 10
o
C, 25
o
C and 40
o
C. 
Abbas et al. (2005) performed dynamic shear tests in a rheometer to predict the dynamic 
shear modulus of the mastics made of binders and aggregates passing through a 0.075 
mm sieve in different volumetric proportions. Dai and You (2007, 2008) described 
aggregates and mastic as the components of asphalt concrete mixtures, defining mastic as 
a fine mixture composed of asphalt binder mixed with fine particles and fine aggregates. 
They fabricated the sand mastic mixture using binder and aggregates passing through a 
2.36 mm sieve, and performed creep compliance tests to determine creep compliance and 
creep stiffness. 
Aragão et al. (2010) evaluated the oscillatory frequency sweep tests and oscillatory time 
sweep tests to determine the properties and performance of lime mixed fine aggregate 
matrix in displacement controlled and force controlled modes. In another study, Aragão 
et al. (2010) predicted the dynamic modulus of asphalt concrete mixtures from different 
models and methods by using the dynamic shear modulus of the fine aggregate matrix. 
The researchers obtained the properties of fine aggregate matrix with hydrated lime by 
sweeping the oscillatory frequency from 25 Hz to 0.01 Hz at 5
o
C, 20
o
C and 40
o
C and 
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then constructed their master curves to obtain the characteristic Prony series coefficients. 
Kim et al. (2002, 2003 and 2004) and Aragão et al. (2010) fabricated the fine aggregate 
matrix mixtures in a specially designed mold by compacting them with impact load from 
with a hammer without considering the gyratory compaction. 
2.5 Nanoindentation Tests for Elastic Modulus of Aggregates 
Nanoindentation, essentially, is a simple test of material in which a hard indenter of 
known geometry and properties is pushed into the surface of a material of unknown 
properties at a nano-scale of depth. Values of the elastic modulus and hardness are then 
derived from the load and indentation depth profile. 
Federick Mohs was the first person to document the semi-quantitative hardness test. In 
the scale proposed by Mohs (1822), hardness was defined by how well a substance of 
unknown hardness resisted from being scratched by another substance of known 
hardness. The size of the imprint left by scratching a material of interest with another 
material of known hardness was used to infer the hardness of the material. This method 
had no consideration of surface roughness and had no theory to support the rank order. 
Typically, a wooden testing kit is used for these tests, which contains low cost specimens 
of the ten minerals in the Moh‟s scale with a label of their hardness number. However, 
Hertz (1881) was the first person to propose the theory behind the deformation created 
due to the application of a contact load by a material of known properties into a material 
of unknown property. Hertz (1881) derived an equation for the indentation of a sphere 
into a lens when a pressure is exerted on the lens which became the basis for the field of 
contact mechanics. His theory explains the behavior of two purely elastic axisymmetric 
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curved bodies placed in contact with an externally applied load, where adhesion between 
the bodies in contact is neglected.   
Using the classical theory of elasticity and continuum mechanics, Boussinesq (1885) later 
derived solutions for the stress distribution within an isotropic elastic half space when it 
is deformed by the normal pressure against its boundary of a rigid punch. These solutions 
still had limitations for practical computations. Love (1929, 1939) worked on solving the 
same problems. Sneddon used a cylindrical indenter (1946) and conical indenter (1948) 
as well as a semi-infinite half plane by using the theory suggested by Boussinesq (1885). 
Sneddon later (1965) solved the contact problem for any arbitrary axisymmetric indenter 
and a semi-infinite half plane. His derivations for determining the depth of penetration of 
the tip of a punch of arbitrary profile and for the total load which must be applied to the 
punch to achieve this penetration as: 
D =   
f′ x dx
 1−x2
1
0
          (2.27) 
P =
4μa
1−η
 
x2f′ x dx
 1−x2
1
0
         (2.28) 
Where D, P, a, μ, η and f represent the depth of penetration, the total load on the punch, 
the radius of circle of contact, the rigidity modulus of material of half space, Poisson‟s 
ratio of the same material of half space and arbitrary axisymmetric indenter profile 
function f, respectively. Included in the study were the illustrations of how these 
derivations led to the formulae for indentation depth and total load when the indenter is a 
flat-ended cylindrical punch, a conical punch, spherical punch, a punch in the form of a 
paraboloid of revolution and a punch in the form of an ellipsoid of revolution. The same 
theory was used to determine the radius of deformation on a semi-infinite surface when a 
pressure was exerted by a sphere (Figure 2.3) as shown below: 
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a =   
3
4
Wgr 
1−ν1
2
E1
+
1−ν2
2
E2
  
1/3
       (2.29) 
Where W is the load applied, E1 and E2 are Young‟s Modulus values, ν1 and ν2 are the 
corresponding values of Poisson‟s ratio, r is the radius of the sphere, a is the radius of 
curvature of deformation on the flat surface. This derivation was modified by scientists in 
later studies by including the concept of adhesion between the two bodies in contact. 
 
Figure 2.3 Sphere Indenting on a Semi-Infinite Substratum 
Sneddon‟s equation for the effective modulus of the material of half-space when an 
axisymmetric indenter exerts pressure was as follows: 
Er =  
E
 (1−ν2)
=  
π
A
x
S
2
         (2.30) 
Where E r is the effective elastic modulus defined in terms of Young‟s modulus E and 
Poisson‟s ratio ν, S is the contact stiffness, and A is the projected contact area. This 
equation has been the fundamental for subsequent research, hence still serving as the 
corner stone in nanoindentation today. Brinell (1901) introduced a new test in which the 
imprint, h, made on a flat plate by applying a fixed load, P, of a hard spherical steel 
indenter of diameter, D, was used to derive the hardness number, HB, using the chordal 
diameter of the residual impression, d, as in equation below: 
HB  =
2P
πD2( 1− 1 –  
d
D
 
2
 
        (2.31) 
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Later, Meyer (1908) defined hardness as the ratio of the load to the projected area of 
indentation; this is the most common definition of hardness in use today. The applied 
load, P, that produces an impression of diameter, d, is more than the elastic limit. Hence, 
Meyer‟s hardness is also called the plastic pressure, and is given by:  
HM  =
4P
πd2
          (2.32) 
Ludwik (1908) and Vickers (1925) replaced the spherical indenters with pyramidal and 
conical indenters. Berkovich (1951) came up with the three-faceted pyramidal diamond 
for micro hardness testing. With the development of several types of indenters and elastic 
solutions by the mid-twentieth century, scientists started looking into various aspects of 
indentation tests, like adhesion, plasticity, frictional effects, viscoelasticity, nonlinear 
elasticity and adhesion.  
During the 1970s and 1980s, depth sensing indentation tests were developed. Bulychev et 
al. (1975, 1976) introduced a new method to determine the Young‟s modulus of elasticity 
using the indentation tests. These researchers developed the depth-sensing indentation 
tests with reduced sized indenter tips and increased accuracy and resolution of the depth 
and load measurements. Newey et al. (1982) and Loubet et al. (1984) modified a micro-
hardness testing machine to instantaneously record the indentation load and depth during 
an indentation test. Loubet et al. (1984) adopted the solution of Sneddon (1965) for the 
elastic deformation of an isotropic elastic material with a flat-ended cylindrical punch. 
They proposed that the area of the punch made by indenting the semi-infinite plane 
material of interest by a harder indenter, with the same projected area of contact, and 
derived a relation for Vickers indenter as follows: 
dP
dh
=  D x Erx 
2
π
         (2.33) 
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Where, the reduced modulus is given by the following equation: 
1
Er
=  
1−νs
2
Es
+
1−νi
2
Ei
         (2.34) 
And where dP/ dh is the slope of the load –displacement curve, D is the Vickers diagonal 
length, E and ν are the Young‟s modulus and Poisson‟s ratio where subscripts, s and i 
refer to the material of the test sample and the indenter, respectively. Other studies 
worked on improving, defining and simplifying the indentation tests and data analysis in 
several ways (e.g., Ternovskii et al., 1973; Pethica et al., 1983; Loubet et al., 1986). 
With the development of depth-sensing indentation machines and the solutions for 
various types of indenters for load and displacement profile, the focus shifted to 
determining the elastic properties directly from these test data. Ternovskii et al. (1973) 
introduced the stiffness equation for the reduced modulus of the material of interest by 
using the instrument measured load –displacement data as follows: 
dP
dh
=
2
 π
x Erx  A         (2.35) 
Where dP/dh, E r and A are the slope of the load –displacement curve, the reduced 
modulus for the material and the projected contact area of the indent .The most popular 
methods of analysis of instrumented indentation are those of Doerner and Nix (1986) and 
Oliver and Pharr (1992), the latter been used as the default in most commercial 
indentation instruments. Doerner and Nix (1986) modified the Loubet et al. (1984) 
equations for elastic properties of indentation samples by assuming an indenter with an 
ideal pyramidal geometry and a plastic depth hp as follows: 
dh
dP
=
1
2hp
x 
π
24.5
 x 
1
Er
         (2.36) 
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Doerner and Nix (1986) also found that the hardness value was dependent on the strain 
rate of indentation, and eliminated the effect of elastic properties of the substrate on the 
indentation tests involving the thin films as follows: 
1
Er
=  
1−νs
2
Es
( e
−
α t
heff ) +
1−νsub
2
Esub
(1 − e
−
α t
heff ) +
1−νi
2
Ei
     (2.37) 
heff =  
Area
24.5
          (2.38) 
Where the notation dh/dP is the reciprocal of the unloading slope, or the compliance, α is 
the empirically determined constant, h eff. is the effective depth of indentation, sub refers 
to the substratum, “i” refers to indenter material and s refers to the material of the thin 
film. The equation transforms into the one given by Sneddon (1948) when the substrate 
effect is ignored. They obtained a relationship between the contact depths, where the 
contact areas in the acetate replicates of indentations in soft brass were measured with the 
help of the Transmission Electron Microscope (TEM). They proposed a method to 
interpret the data obtained from depth-sensing hardness to get the elastic and plastic 
properties of thin films. They illustrated the method to determine hardness values by 
using the load-displacement data after subtracting the elastic displacements from the total 
depth and Young‟s modulus from the slope of the linear portion of the unloading curve. 
This study also suggested that the unloading stiffness can be computed from a linear fit of 
the upper one-third of the unloading curve, which Oliver and Pharr (1992) improved by 
suggesting to fit the unloading curve with a power law. 
Oliver and Pharr (1992) proposed an improved technique to determine hardness and 
elastic modulus using load and displacement sensing indentation experiments. Using a 
Berkovich indenter, they indented six materials, which included fused silica, soda-lime 
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glass, and single crystals of aluminum, tungsten, quartz, and sapphire and analyzed the 
load-displacement data using a technique derived by improving the Doerner and Nix 
(1986) model and the Sneddon (1965) stiffness equation. They proved that their load –
displacement model works for all the axisymmetric indenters that have any infinitely 
smooth profile. Unlike the linear unloading curve proposed by Doerner and Mix (1986), 
Oliver and Pharr (1992) proposed a nonlinear power law relation of load and 
displacement during the unloading as follows: 
P =   α (h − h f)  
m          (2.39) 
Where P, h, hf, represent the applied load, instantaneous indentation displacement at any 
time during unloading and residual depth of indentation, respectively and α & m are the 
material constants obtained by curve fitting the unloading curve by power law, 
respectively. Physically, hf is the final value of depth of indentation just before the 
indenter leaves the specimen during unloading. Similarly, h-hf is the elastic displacement, 
the value of α and that of m are obtained by fitting the unloading curve by a power law. 
The effective or reduced modulus of material of the indented sample is given as function 
of contact stiffness S, contact area A: 
Er =
 π
2
 x 
S
 A
          (2.40) 
Where, contact stiffness is calculated as the slope of the unloading curve at the beginning 
as follows:   
S =  
dP
dh
= m α (h − h f)  
m−1        (2.41) 
Oliver and Pharr (1992) also proposed an analytical solution for contact area as a function 
of contact depth and the indenter shape function as follows: 
A(hc ) =   Cn  x h  c
2−n 8
n=0         (2.42) 
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The calibration constants C0, C 1, C i and C n are obtained by indenting standard samples 
of known material properties (e.g. quartz) before performing the indentation tests on 
experimental samples. Oliver and Pharr (1992) found that the area determined by this 
analytical procedure was a good measure of the residual contact impression because the 
modulus values predicted by this method were within a 4 % of the values reported in the 
literature for the materials with isotropic elastic properties. The procedure for 
determining the area function gave an attractive alternative to the process of determining 
the projected area by image analysis. With the known values of elastic modulus, 
Poisson‟s ratio of the indenter material, and Poisson‟s ratio of the material in the 
specimen and the calculated value of effective modulus, the Young‟s modulus of 
elasticity for the material in the specimen can be calculated by following the original 
relation by Sneddon as follows: 
Es =  
1−νs
2
1
E r
−
1−ν i
2
E i
          (2.43) 
Similarly, dividing the maximum applied load by the area of contact at that instantaneous 
moment represents the hardness of the material of test specimen. 
H =  
Pmax
A
          (2.44) 
Since the inception of this method to determine material properties, such as hardness and 
elastic modulus, by instrumented indentation techniques, there have been several studies 
that addressed the associated intricacies and numerical simulations. The effective 
indenter shape concept was modified by Pharr and Bolshakov (2002) to give a more 
representative value for the indenter as follows: 
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ε = m  1 −
2Γ 
m
2(m −1)
 
 2Γ 
1
2(m −1)
 
 m − 1         (2.45) 
Similarly, some studies (e.g., Bolskashov and Pharr, 2002 and Oliver and Pharr, 2004) 
proposed a correction factor, β, to account for the inaccuracies in the stiffness equation 
obtained by Sneddon (1965). The corrected stiffness equation is given below: 
S =  β x 
2
 π
 x Er  x 
 A
2
         (2.46) 
The correction factor β depends on the included angle of the indenter and the Poisson‟s 
ratio of the sample. Oliver and Pharr (2004) stated that the value of β should be always 
greater than unity and lie inside the range of 1.0226 ≤ β ≤1.085; it was typically 1.05 for 
Berkovich with approximate error of  0.05. For the conical type of indenter, β equals to 
one. But because this error of  0.05 is too small in the case of aggregates, which have 
varying modulus with respect to the type of mineral and the indentation location, a unity 
value is used in this study hereafter.  In summary, the nanoindentation tests are governed 
by the assumptions: (1) the specimen is an infinite half-space, (2) the indenter has an 
ideal geometry, (3) the material is linearly elastic and incompressible, and (4) there is no 
interaction surface force during the contact e.g., frictional forces. Nanoindentation test 
was used for determining the elastic modulus of aggregates most recently by Aragão et 
al. (2010). For this study, the Berkovich type of diamond indenter will be used to 
determine the elastic modulus of aggregates used in asphalt concrete specimens. 
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CHAPTER THREE 
EXPERIMENTAL CHARACTERIZATION OF ASPHALT CONCRETE 
MIXTURES 
3.1 Material Selection 
3.1.1 Aggregates 
The main aggregates used in the fabrication of asphalt concrete samples were 5/8” 
limestone, ¼” limestone, Screenings, 2A, 47B and 3ACR. The aggregate types, 5/8” 
limestone, screenings and ¼” limestone were from same mineral of limestone while 
others were obtained as mixtures of several types of aggregates of different mineralogical 
origin. Based on the sieve analysis of the aggregates, the nominal maximum aggregate 
size (NMAS) was 12.5 mm and the maximum aggregates size (MAS) was 19.5 mm. The 
proportions of aggregates by type and size are listed in Table 3.1. 
Table 3.1 Aggregate Proportions in Asphalt Concrete Mixtures 
 
11.0 % of the total aggregates were retained in a 4.75 mm sieve, and were called coarse 
aggregates according to ASTM D692. Only aggregates from 4/8” limestone and 2A 
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belonged to this group. According to ASTM D1073, the remaining 89% of the aggregates 
were called fine aggregates which contain aggregates from all six types. However, only 
3.6 % aggregates were identified as fillers according to AASHTO T11 and ASTM C117 
and contained the aggregates from screenings and 3ACR only. The screenings passing 
1.19 mm sieve were washed before blending them with other aggregates to remove the 
dusty particles in them.  
3.1.2 Binder 
The asphalt binder used in this study was a Superpave performance graded binder PG 64-
28 obtained from Jebro Inc. This kind of binder can perform well from a minimum daily 
temperature of -28
o
C to the average seven-day maximum temperature of 64
o
C. 
3.2 Mix Design 
The hot mix asphalt (HMA) mixtures were designed according to the SP4-Special mix 
design used in low traffic highways of Nebraska. The binder content was decided as per 
the volumetric requirements of mixtures, which were set by Nebraska Department of 
Roads (NDOR). The AASHTO PP60 was used to fabricate the cylindrical specimens of 
HMA mixtures using the Superpave gyratory compactor (SGC). Their volumetric design 
was based on the AASHTO R35. The HMA mixtures in this study required a 6 % binder 
content by weight of total mixture to achieve a 4 % target air voids.  
3.3 Sample Fabrication  
The six types of aggregates were sieved and then preheated to a mixing temperature of 
318
o
F for couple of hours. The binder was also preheated to the same mixing temperature 
of 318
o
F and mixed thoroughly using the mixer in the laboratory as per AASHTO R30. A 
45 
 
portion of the mixture was used to determine the theoretical maximum specific gravity, 
Gmm according to AASHTO T209. 6900 grams of asphalt concrete mixtures were 
compacted by applying compaction pressure of 600.00 K Pa at 271
o 
F using Superpave 
gyratory compactor (SGC) to produce cylindrical samples of 150.00 mm diameter and 
170.00 mm height. The bulk specific gravities, G mb of the samples were determined 
according to AASHTO T166.  
The Superpave gyratory compacted hot mix samples were then cored into 100 mm 
diameter using a diamond bit in a water-cooled coring machine to remove the outer 
surfaces with higher air void contents. 10 mm thick slices were peeled off from the two 
faces of the cored cylindrical samples using a diamond saw machine to obtain a final 
height of 150 mm. Three replicates samples were fabricated using the same procedure 
(Figure 3.1). 
 
Figure 3.1 Sample Fabrication of Asphalt Concrete Mixtures 
3.4 Dynamic Modulus Tests 
3.4.1 Test Sample Preparation  
Three pairs of gage points were glued to the sample at a horizontal angle of 120 
o
 from 
each other in each sample. The two gage points in each pair were kept at 101 mm in the 
direction parallel to the central axis of the sample (Figure 3.2). 
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Figure 3.2 Gages in Asphalt Concrete Samples (AASHTO TP 62) 
Then the jigs to hold the linear variable differential transformers (LVDTs) were screwed 
at those gage points such that each pair held one LVDT. There were all together three 
LVDTs in each sample to measure the displacement of gage points. The change in 
distance between the gages in each pair was required to calculate the strain with respect 
to their original distance. The test samples were then put in the working stage inside the 
environmental chamber of the universal testing machine, UTM-25. Hardened steel disks 
were placed on the top and the bottom faces of the specimens for transferring the load 
uniformly (Figure 3.3). 
 
Figure 3.3 Installing the Asphalt Concrete Samples for Tests 
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3.4.2 Temperature Equilibrium 
Three test temperatures of 4
o
C, 20
o
C and 40
o
C were selected on the basis of PG 64-28 
binder as per the provisional standard AASHTO PP61 instead of the five temperatures 
prescribed in standard AASHTO TP62. The objective of using only three test 
temperatures was to perform the dynamic modulus tests at the least possible time without 
compromising the quality of master curves. 
Before starting the tests, the samples were conditioned at testing temperature in the 
environmental chamber to guarantee the same temperatures at every local coordinates of 
it. A dummy sample with a thermocouple inside it was used to monitor the temperature of 
the sample continuously. The tests were conducted only when the temperature was steady 
at the required test temperature. 
3.4.3 Load Profile  
Once the temperature was verified, the tests were then performed at several frequencies 
by applying a cyclic uniaxial compressive force on the top face of the cylindrical sample. 
The frequencies for this study were decided as 10, 1 and 0.1 at all three temperatures 
mentioned earlier, including an extra test at 0.01 Hz at 40
o
C as per AASHTO PP61. In 
each dynamic modulus tests, different values of the amplitude of force were assigned to 
limit the amplitude of strain within the range of 50 - 75 microns. The force F was 
assigned as a haversine function of instantaneous time t, loading frequency f and input 
amplitude of force, Fo. The displacement signal would react with a lag in its phase angle. 
Both input and output are expressed as:   
𝐹 =
𝐹𝑜  1− 𝑐𝑜𝑠   2𝜋𝑓𝑡  
2
         (3.1) 
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Δ =  𝛥 𝑜
1−𝑠𝑖𝑛 2𝜋𝑓𝑡−ø 
2
         (3.2) 
Where, 𝑓 =
2𝜋
𝜔
  
In terms of stress and strain, they can be expressed as: 
𝜍 =
𝜍𝑜 1− 𝑠𝑖𝑛   2𝜋𝑓𝑡  
2
         (3.3) 
𝜀 =  𝜀 𝑜
1−𝑠𝑖𝑛 2𝜋𝑓𝑡−ø 
2
         (3.4) 
Where, Fo, Δo, σo, εo, ø, ω, t and f respectively refer to force amplitude, displacement 
amplitude, stress amplitude, strain amplitude, phase angle, angular frequency, 
instantaneous time and loading frequency in a complete cycle of loading. 
 
Figure 3.4 Input and Output Signals of Dynamic Modulus Tests 
3.4.4 Cyclic Uniaxial Compressive Tests 
The cyclic uniaxial compressive tests were performed by changing the loading frequency 
at three different temperatures and controlling the force by a haversine function. In this 
study, unique amplitude of force was selected for each frequency and temperature such 
that the overall strain was within the range of 50-75 microns. The tests were conducted 
by decreasing the loading frequencies through 10 Hz, 1 Hz and 0.1 Hz, and increasing the 
temperatures through 4
o
C, 20
o
C and 40
o
C. The temperature of 40
o
C also included the 
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frequency of 0.01 Hz. The high temperature of 40
o
C and the low temperature of 4
o
C were 
selected for observing the responses to the common distresses such as like rutting and 
fatigue. 
3.4.5 Test Execution and Data Acquisition 
The fully computerized measuring system of the UTM -25 was used to measure and 
record the time history of force and displacement due to the load applied through a 
hydraulically controlled load cell. The built-in system of force sensor was used to capture 
the instantaneous force. The linear variable differential transformers (LVDTs) were used 
to record the instantaneous change in the distance between two gage points in the same 
vertical alignment.  
3.5 Data Analysis 
3.5.1 Dynamic Modulus Tests 
The instantaneous displacement of each gage points and the instantaneous force applied 
from the load cell were measured using the LVDTs and the load sensor of the universal 
testing machine. The amplitudes of force and displacement were then converted into 
amplitudes of stress, ζo and amplitude of strain, εo from the following equations: 
𝜍0  =
4𝐹𝑜
𝜋𝐷2
          (3.5) 
𝜀0  =
𝛥
𝐺𝐿
=  
𝛥𝑚𝑎𝑥 −𝛥𝑚𝑖𝑛
𝐺𝐿
         (3.6) 
Where, 
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GL = Gage Length or Distance between the two gauge points in a LVDT (mm), here 101 
mm 
D = Diameter of the sample (mm), here 100 mm  
F o = Amplitude of input forces in last five cycles (KN) 
Δ max = Average of maximum displacements of all 3 LVDTs in last five cycles (mm) 
Δ min = Average of minimum displacements of all 3 LVDTs in last five cycles (mm) 
The dynamic modulus and phase angle were then determined from the amplitude of 
compressive stress, ζo, which corresponded the time of maximum force 𝑡𝐹𝑜 and the 
amplitude of strain εo, which corresponded to the time of the maximum elongation of the 
gage length, 𝑡𝛥0 : 
|𝐸∗|  =
𝜍0
𝜀0
          (3.7) 
ø = 2𝜋 𝑥 𝑓  𝑥 𝛥𝑡 = 3600𝑥 𝑓 𝑥 𝛥𝑡       (3.8) 
Where, the time delay between the stress and strain cycles was determined by: 
𝛥𝑡 = 𝑡𝐹𝑜 − 𝑡𝛥𝑜          (3.9) 
3.5.2 Master Curve Development 
Then a master curve was constructed by shifting the frequency sweep curves at 4
o
C and 
40
o
C towards the frequency sweep curve at 20
o
C until a single smooth curve was 
obtained. While shifting the curves from the lower and the higher temperatures to the 
reference temperature, shift factors were also obtained for each temperature, 4
o
C, 20
o
C 
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and 40
o
C, which were curve fitted by a quadratic function of temperature. From the 
master curve at 20
o
C, another master curve at 23
o
C was developed by multiplying the 
frequencies at reference temperature 20
o
C by a shift factor calculated from the quadratic 
equation of shift factor. It is very important to know that the same procedure can be 
applied for constructing the master curves of other viscoelastic materials such as, fine 
aggregate matrix, and asphalt binder. 
3.6 Results 
3.6.1 Sieve Analysis  
The mix design resulted in 10.4%, 3.2%, 37.3%, 7.2%, 34.4% and 7.7 % of 5/8” 
limestone, 2A, screenings, 47B, 3ACR and ¼” limestone by weight of total aggregates 
(Figure 3.5.a). The sieve analysis of aggregates (Figure 3.5.b) shows 11 % of total 
aggregates were retained on 4.75 mm sieve and rest 89 % passed through it, representing 
the coarse and fine aggregate proportions. 
 
Figure 3.5 Aggregate Proportions in AC Mixtures by (a) Type (b) Size 
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3.6.2 Volumetric Analysis  
The theoretical maximum specific gravity, Gmm of the asphalt concrete mixtures was 
determined as 2.426 ± 0.006 following AASHTO T209. The bulk specific gravities, Gmb 
of the Superpave gyratory compacted samples with 170 mm height and 150 mm diameter 
was determined as 2.336 ± 0.001 following AASHTO T166.  The bulk specific gravities, 
Gmb of the Superpave gyratory compacted and cored samples with 150 mm height and 
100 mm diameter was determined as 2.357 ± 0.003 following AASHTO T166. The cored 
samples had a higher value of Gmb due to the decreased level of air voids in the cored 
samples because of the removal of the outer surface of higher air void content. Similarly, 
other volumetric calculations were also carried out with the results from above two test 
standards and tabulated below in Table 3.2. 
Table 3.2 Volumetric Properties of Asphalt Concrete Mixtures 
Details Uncored Sample 
(H170 mm x 150 mm) 
Cored Sample  
(150 mm x 100 mm) 
Avg. S.D. Avg. S.D. 
Gmm 2.426 0.006 2.426 0.006 
Gmb 2.336 0.001 2.357 0.003 
Gsb 2.577 0.000 2.577 0.000 
Gse 2.664 0.008 2.664 0.008 
%Va 3.7 0.3 2.8 0.2 
%VMA 14.8 0.0 14.0 0.1 
%VFA 74.9 1.7 79.7 1.6 
%Pb 6.0 0.0 6.0 0.0 
%Pba 1.3 0.1 1.3 0.1 
%Pbe 4.8 0.1 4.8 0.1 
%Vbeff 11.1 0.2 11.2 0.2 
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3.6.3 Dynamic Modulus Tests  
Each of the three samples obtained by cutting and coring from the central region of the 
Superpave gyratory compacted HMA mixtures were placed in the environmental 
chamber of universal testing machine (UTM-25) where they were subjected to a 
temperature of 4
o
C until the thermocouple put in the dummy sample kept along with the 
test sample showed a steady temperature. The uniaxial haversine compressive tests were 
conducted respectively at 10 Hz, 1 Hz and 0.1 Hz such that the strains did not exceed the 
limits 75 microns. Similar tests were conducted at 20
o
C and 40
o
C, including an extra test 
at 0.01 Hz of frequency at 40
o
C.  The results of dynamic modulus tests of three 
cylindrical samples of asphalt concrete samples are given in Table 3.3. 
Table 3.3 Dynamic Modulus of Asphalt Concrete Mixtures 
Temperature (oC) Frequency (Hz) Dynamic Modulus  |E*| (MPa) 
Average Std. Dev. 
4.0 10 1.26E+10 1.70E+09 
1 8.81E+09 1.60E+08 
0.1 5.51E+09 5.25E+07 
20.0 10 4.85E+09 6.54E+08 
1 2.41E+09 6.45E+08 
0.1 1.32E+09 3.56E+08 
40.0 10 1.20E+09 3.93E+08 
1 6.77E+08 2.55E+08 
0.1 5.00E+08 1.90E+08 
0.01 5.26E+08 2.83E+08 
 
As seen in Table 3.3, the dynamic modulus values increased with the increase of loading 
frequency at a constant temperature and vice versa. This fact illustrated the time 
dependency of viscoelastic material which states that the viscoelastic materials like 
asphalt concrete mixtures behave strongly against the slower loading rate than they do 
54 
 
against the faster loading rate. Similarly, the dynamic modulus of asphalt concrete 
samples increased with the increase of test temperature and vice versa. This fact 
illustrated the temperature dependency of viscoelastic materials which states that the 
viscoelastic materials behave strongly at low temperature but strongly at high 
temperature. The reason behind the temperature dependency of viscoelastic materials is 
the dominance of viscous properties at high temperature and that of elastic properties at 
low temperature. The frequency sweep curves of dynamic modulus of cylindrical samples 
of asphalt concrete mixtures are given below (Figure 3.6). 
 
Figure 3.6 Dynamic Modulus Tests of Asphalt Concrete Mixtures 
3.5.4 Master Curve Generation 
The frequency sweep test curves at 4
o
C and 40
o
C were then shifted horizontally toward 
the curve at reference temperature, 20
o
C until the curves produced a single smooth master 
curve by the process of time temperature superposition. 
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Figure 3.7 Dynamic Modulus Master Curve of Asphalt Mixtures 
The range of frequency in the master curve (Figure 3.7) increased significantly in 
comparison to the range of frequency applied in the laboratory tests (Figure 3.6). The 
frequency of master curve obtained by shifting the original dynamic modulus test curves 
is defined as the reduced frequency. In the case of this study, the reduced frequency 
ranged from 0.0001 Hz to 10000 Hz in contrast to the shorter experimental frequency 
range from 0.01 to 10 Hz. There are few testing machines which are capable of 
performing and recording the extreme frequencies that were obtained during the master 
curve generation.  
When the dynamic modulus test curves conducted at 4
o
C and 40
o
C were shifted towards 
the dynamic modulus test curve at 20
o
C, a single smooth curve was formed with the 
logarithmic values of shift factors as 2.13 and -2.03 respectively and with value of 0.00 
for the reference temperature 20
o
C. The curve of shift factors at different temperatures 
was fitted with a simple quadratic equation (Figure 3.8). 
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Figure 3.8 Shift Factors for Asphalt Concrete Mixtures 
The shift factors at different temperatures and the master curve at the reference 
temperature are very useful in constructing the master curve of same material at any 
temperature without doing any more tests. The master curve for a viscoelastic material at 
any temperature can be simply constructed by multiplying the reduced frequency of the 
master curve at a reference temperature by a shift factor calculated from the shift factor 
function.  
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CHAPTER FOUR 
EXPERIMENTAL CHARACTERIZATION OF FINE AGGREGATE MATRIX  
4.1 Material Selection 
4.1.1 Aggregates 
Depending up the digital image analysis of the aggregates sizes captured by the two 
dimensional images of the vertical cross-section of cylindrical asphalt concrete mixtures, 
1.19 mm was decided as the maximum aggregate size (MAS) in fine aggregate matrix. 
The 1.19 mm refers to the sieve number 16 in the 0.45 power FHWA gradation chart. All 
the aggregate types passed through 1.19 mm sieve were selected as the constituent 
aggregates of fine aggregate matrix mixtures. Out of the six different types of aggregate 
used in SP4 –Special mixtures, only 3ACR, screenings and 47B (Figure 4.1) fell in this 
category. Similar to asphalt concrete mixtures, the screenings were washed and dried 
before blending with other aggregates to avoid excess amount of fines in the binder.  
Table 4.1 Aggregate Proportions in Fine Aggregate Matrix  
 
The percentages of 47B, screenings and 3ACR in fine aggregate matrix were decided as 
39.3 %, 15.2% and 45.5% in consistence with the proportion of 8.3%, 3.2% and 9.6% in 
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fine aggregate matrix phase which accounted for 21 % of total weight of aggregates in 
asphalt concrete mixtures (Table 4.1, Figure 4.1 and Figure 4.2). 
 
Figure 4.1 Aggregate Proportions in AC and FAM by Type 
The proportion of the aggregates was kept the same as they had in the fine aggregate 
matrix phase of the asphalt concrete mixtures with respect to size and types of aggregates 
(Figure 4.1 and Figure 4.2). 
 
Figure 4.2 Sieve Analysis of Aggregates in AC and FAM 
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4.1.2 Binder 
The asphalt binder used in this study was a Superpave performance graded binder PG 64-
28 from Jebro Inc. which was also used in fabricating the asphalt concrete samples.  
4.2 Mix Design  
The mix design of fine aggregate matrix was conducted by keeping the same proportions 
of aggregates in SP4-Special asphalt concrete mixtures and calculating the binder content 
based on its sharing by coarse and fine aggregates.   
4.2.1 Binder Content 
The first task of the mix design was to determine the appropriate percentage of binder in 
the fine aggregate matrix. It was assumed that the coarse aggregates in asphalt concrete 
mixtures could be separated from the fine aggregate matrix by virtually picking them 
from the compacted samples. While picking the coarse aggregates out of the asphalt 
concrete mixtures, it was also assumed that they would be still coated with a thin film of 
binder around them and would contain binder in their surface voids. Finally, the amount 
of binder left after picking all coarse aggregates from asphalt concrete mixtures along 
with the binder in its surface and voids was assumed as the binder content of the fine 
aggregate matrix phase.  
So the first step in finding the binder content was the calculation of weight of binder used 
by the coarse aggregates. The weight and percentage of asphalt binder film on the surface 
of coarse aggregates was determined by the following simple relation: 
𝑊𝑏𝑓 ,𝑅𝑒𝑡16 = 𝑆𝐴𝑅𝑒𝑡16𝑥 𝑊𝑠,𝑅𝑒𝑡16𝑥 𝑇𝑓 ,𝑅𝑒𝑡16𝑥 𝐺𝑏𝑥 𝛾𝑤      (4.1) 
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%𝑃𝑏𝑓 ,𝑅𝑒𝑡16 =   %𝑃𝑏  𝑥
𝑊𝑏𝑓 ,𝑅𝑒𝑡 16
𝑊𝑏
       (4.2) 
Where, Tf, Ret16 refers to the film thickness surrounding the aggregates, here retained in a 
1.19 mm sieve, Ws,Ret16 refers to the weight of coarse aggregate in entire AC mixtures, Gb 
is the specific gravity of binder and 𝜌w is the density of water. Similarly, SARet16 refers to 
the total surface area of the coarse aggregates retained in the 1.19 mm sieve as 
determined by using the following formula: 
𝑆𝐴𝑅𝑒𝑡16 =  
𝑃𝑃𝑖 ,𝑅𝑒𝑡 16  𝑥  𝐶𝑃𝑖 ,𝑅𝑒𝑡 16
100
 𝑛𝑖=1        (4.3) 
Where, PPi, Ret.16 is the percentage of aggregate passing a particular sieve, CPi, Ret16 is the 
surface area factor (m
2
/kg or ft
2
/lb) for that sieve as outlined in the Asphalt Institute MS-
2 and n is the total number of sieves used for coarse aggregates. 
The next step was to determine the weight and percentage of asphalt binder absorbed by 
coarse aggregates by using the following relation: 
𝑊𝑏𝑎 ,𝑅𝑒𝑡16 =   
𝑊𝑏
%𝑃𝑏
 𝑥𝐺𝑏𝑥  
1
𝐺𝑠𝑏 ,𝑅𝑒𝑡 16
−
1
𝐺𝑠𝑒 ,𝑅𝑒𝑡 16
 𝑥 100     (4.4) 
%𝑃𝑏𝑎 ,𝑅𝑒𝑡16 =   %𝑃𝑏  𝑥
𝑊𝑏𝑎 ,𝑅𝑒𝑡 16
𝑊𝑏
       (4.5) 
Where, bulk specific gravity and effective specific gravities of coarse aggregates retained 
in the 1.19 mm sieve were determined by: 
𝐺𝑠𝑏 ,𝑅𝑒𝑡16 =  
 %𝑃𝑠,𝑖
𝑛
𝑖=1  𝑥  𝐺𝑠𝑏 ,𝑅𝑒𝑡 16,𝑖
 %𝑃𝑠,𝑖
𝑛
𝑖=1
       (4.6) 
𝐺𝑠𝑒 ,𝑅𝑒𝑡16 =  
100−%𝑃𝑏 .𝑅𝑒𝑡 16
100
𝐺𝑚𝑚 ,𝑅𝑒𝑡 16
−
%𝑃𝑏 ,𝑅𝑒𝑡 16
𝐺𝑏
       (4.7) 
Where, 
%Ps, i = Percent of aggregates retained in sieves above and in sieve # 16 
Gsb, Ret16, i = Specific gravity of aggregates retained in sieves above and in sieve # 16 
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%P b, Ret16 = Percent of binder used in rice tests of aggregates retained in Sieve #16 
Then the weight of binder in fine aggregate, W b, FAM was determined as the weight of 
binder left after subtracting the weight of binder used by coarse aggregates, W ba, CA and 
W bf, CA, from the total weight of binder in asphalt concrete mixture, W b. Similarly, the 
weight of fine aggregates was calculated by subtracting the weight of coarse aggregates 
retained in 1.19 mm sieve, W b, Ret16 from the total weight of aggregates in asphalt 
concrete mixture, W s. The relations between the different weights of aggregates and 
binders in asphalt concrete and fine aggregate matrix mixtures are given below: 
𝑊 𝑏 ,𝐹𝐴𝑀 =  𝑊 𝑏 − 𝑊 𝑏𝑎 ,𝑅𝑒𝑡16 − 𝑊 𝑏𝑓 ,𝑅𝑒𝑡16      (4.8) 
𝑊 𝑠,𝐹𝐴𝑀 =  𝑊 𝑠 − 𝑊 𝑠,𝑅𝑒𝑡16        (4.9) 
The percentage of binder and aggregates in fine aggregate matrix mixture was finally 
calculated using the equations below:  
%𝑃𝑏 ,𝐹𝐴𝑀 =
𝑊 𝑏 ,𝐹𝐴𝑀
𝑊 𝑏 ,𝐹𝐴𝑀 +𝑊𝑠,𝐹𝐴𝑀
𝑥 100       (4.10) 
%𝑃𝑠,𝐹𝐴𝑀 =
𝑊 𝑠,𝐹𝐴𝑀
𝑊 𝑏 ,𝐹𝐴𝑀 +𝑊𝑠,𝐹𝐴𝑀
𝑥 100       (4.11) 
For the determination of binder content of the fine aggregate matrix phase of the asphalt 
concrete mixtures in this study, a 12 micron film of binder was assumed to surround the 
coarse aggregates within the range prescribed by several researchers as discussed in the 
chapter two. For the asphalt concrete mixtures containing 6.0 % binder by total weight of 
mix, the binder content in the fine aggregate matrix was determined as 8.23 % by total 
weight of fine aggregates. 
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4.2.2 Compaction Density  
After determining the binder content in fine aggregate matrix, the next step was to find 
the compaction density of the samples with air voids in them. The compaction density of 
the fine aggregate matrix was determined by dividing the total weight of the fine 
aggregate matrix mixture by its total volume as shown below:  
𝛾𝐹𝐴𝑀 =
𝑊𝐹𝐴𝑀
𝑉𝐹𝐴𝑀
          (4.12) 
The weight of fine aggregate matrix, W FAM in the compacted samples of asphalt concrete 
mixtures was calculated by subtracting the weight of coarse aggregates and the weight of 
binder on its surface and voids, W non-FAM from the total weight of the compacted samples 
of asphalt concrete mixtures, W mb.  
𝑊𝐹𝐴𝑀 =  𝑊𝑚𝑏 −  𝑊𝑛𝑜𝑛 −𝐹𝐴𝑀         (4.13) 
Where,  
𝑊𝑚𝑏 =  𝑉𝑚𝑏 𝑥 𝛾𝑚𝑖𝑥          (4.14) 
𝑊𝑛𝑜𝑛 −𝐹𝐴𝑀 =
(%𝑃𝑠,𝑅𝑒𝑡 16 +%𝑃𝑏𝑎 ,𝑅𝑒𝑡 16 +%𝑃𝑏𝑓 ,𝑅𝑒𝑡 16 )𝑥  𝛾𝑚𝑖𝑥
100
     (4.15) 
Where, 
𝛾𝑚𝑖𝑥 =  𝐺𝑚𝑏  𝑥 𝛾𝑤          (4.16) 
Where, Gmb is the bulk specific gravity of the AC sample, Vmb is its volume and γw is the 
specific density of water.  
Similarly, the volume of fine aggregate matrix in the compacted samples of asphalt 
concrete mixtures was calculated by subtracting the volume of coarse aggregates and the 
weight of binder on its surface and voids, V non-FAM from the compacted maximum 
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volume of the compacted samples of asphalt concrete mixtures Vmm. The relations of 
volume follow as:  
𝑉𝐹𝐴𝑀 =  V𝑚𝑚 −  𝑉𝑛𝑜𝑛 −𝐹𝐴𝑀         (4.17) 
Where, 
𝑉𝑚𝑚 = 1 − 𝑉𝑎           (4.18) 
𝑉𝑛𝑜𝑛 −𝐹𝐴𝑀 =
(%𝑃𝑠,𝑅𝑒𝑡 16 +%𝑃𝑏𝑓 ,𝑅𝑒𝑡 16 ) 𝑥  𝐺𝑚𝑏
100 𝑥  𝐺𝑠𝑏
+
%𝑃𝑏𝑎 ,𝑅𝑒𝑡 16  𝑥  𝐺𝑚𝑏
100 𝑥  𝐺𝑏
    (4.19) 
Where, the percentage of coarse aggregates in compacted samples of asphalt concrete 
mixtures is given by: 
%𝑃𝑠,𝑅𝑒𝑡16 =   100 𝑥  
𝑊𝑠−𝑊𝑠−𝐹𝐴𝑀
𝑊𝑠+𝑊𝑏
        (4.20) 
The above calculation of compacted density can be possible only if the value of air void 
content in fine aggregate matrix is known which is determined from its relationship with 
bulk specific gravity and theoretical maximum specific gravity of fine aggregate matrix 
mixtures. But the determination of air void content in FAM could not be conducted 
experimentally because of unavailability of the standards, and literature for performing 
the theoretical maximum specific gravity tests with the mixtures containing aggregates 
less than 1.19 mm only. So air voids were assumed from 0 % to 4 % and used to back-
calculate the compaction density by the series of calculations as shown in above relations. 
The fine aggregate matrix mixtures with ideal value of 0% air voids had the highest 
density level whereas the fine aggregate matrix with 4 % air voids had the least density 
level.  
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4.3 Sample Fabrication 
Similar to the asphalt concrete mixtures, the aggregates and the binder were both 
preheated to the mixing temperature of 318
o
C and thoroughly mixed with each other 
following AASHTO R30. The mixture was then compacted to a controlled height of 
80.00 mm and a diameter of 150.00 mm by applying compaction pressure of 600.00 KPa 
with a Superpave gyratory compactor at a speed of 30 gyrations per minute to obtain the 
compacted samples with different air void contents.  
Out of the samples with different densities, only the samples with air void content of 
1.75%, 1.50 %, 1.00%, 0.50 % and 0.00 % were compacted. The samples with more than 
1.75 % air voids collapsed while compacting. The 80 mm thick and 150 mm diameter 
bulk matrix samples were then sliced with the help of a diamond saw machine into three 
parts; the middle parts were 45.00 mm height and 150.00 mm diameter. The entire 
process involved in preparing the samples is shown in Figure 4.3.  
 
Figure 4.3 Superpave Gyratory Compaction of Fine Aggregate Matrix  
The volumetric properties of the fine aggregate matrix which could be compacted are 
listed below in Table 4.2. 
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Table 4.2 Volumetric Properties of Fine Aggregate Matrix  
Design Air Voids (%) Density (g/cm3) Gyrations 
0.00% 2.152 16 
0.50% 2.097 10 
1.00% 2.054 8 
1.50% 2.012 6 
1.75% 1.973 3 
 
Keeping the three parts intact in a 150 mm diameter cylindrical case open at both ends, 
the 45.00 mm long and 12.25 mm diameter torsional bars were cored out of the SGC 
samples using the water-cooled diamond coring machine. The top and bottom slices of 
the matrix, and the cylindrical case were used to produce the torsional bars of matrix 
samples without any problems at their two ends during the coring. Since there are no 
standard methods to compact the fine aggregate matrix with Superpave gyratory 
compactor, it was felt necessary to monitor the difference, if any, in the properties of the 
matrixes at different locations of SGC sample. So a total of ten cylindrical torsional bars 
were extracted by coring the SGC samples; the first five were extracted from the central 
region and other five from the circumferential region (Figure 4.4). 
 
Figure 4.4 Torsional Bars Extraction SGC Fine Aggregate Matrix 
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4.4 Oscillatory Frequency Sweep Tests 
4.4.1 Test Sample Preparation  
A total of 50 samples were used in the whole testing procedure at all temperatures and 
loadings. For identifying the samples, each sample was given a unique name as either as 
Matrix_ X_ Side or as Matrix_ X_ Centre which meant the torsional bar extracted either 
from the circumferential or the central region of Superpave gyratory compacted puck 
samples with X % of air voids. Then the samples were glued with the specially designed 
geometry heads to attach them to the torsional kits of dynamic shear rheometer, 
AR2000ex.  
4.4.2 Temperature Equilibrium 
The matrix samples were conditioned for 20 minutes in the environmental chamber of 
AR2000ex rheometer at each temperature before conducting the tests to guarantee that 
the samples had same temperature at all its coordinates. Due to small size of torsional bar 
samples and efficient temperature controlling system of the machine, 20 minutes of 
temperature conditioning was enough for matrix samples. Along with the isothermal 
condition, equilibrium of normal force was also maintained before starting the test so that 
there would not be any stresses or strains due to excess normal forces other than contact 
force.  
4.4.3 Load Profile 
The cylindrical samples were then tested in pure torsion at several frequencies at three 
different temperatures by controlling their rotational twist with a sinusoidal function 
(Figure 4.6). The shear strain was assigned as a function of instantaneous time t, loading 
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frequency f and input amplitude of shear strain γo. The shear stress also followed a 
similar sinusoidal function of time, frequency and the shear stress obtained from the 
torque which was required to obtain the corresponding strain. The input shear strain and 
output shear stress followed the following relations: 
𝛾 =  𝛾𝑜  𝑠𝑖𝑛(2𝜋𝑓 𝑡)         (4.21) 
 =  𝑜  𝑠𝑖𝑛 (2𝜋𝑓𝑡 − 𝛿)        (4.22) 
Where,  o, γ o, δ, ω, t and f respectively refer to the shear stress amplitude, the shear 
strain amplitude, phase angle, angular velocity, instantaneous time, loading frequency 
and time period for a complete cycle of stress and strain (Figure 4.5). 
 
Figure 4.5 Input and Output Signals of Torsional Shear Tests 
4.4.4 Oscillatory Torsional Shear Tests 
The torsional shear tests were performed by changing the loading frequency at a given 
temperature by keeping the maximum shear strain constant inside the linear viscoelastic 
range in each cycle. In this study, amplitude of 0.006 % strain was kept constant in each 
cycle of loading while the frequency was changed from 25Hz to 0.01 Hz in decreasing 
order to monitor the effect of loading time in the stiffness of fine aggregate matrix 
mixtures (Figure 4.6). The samples were tested at three different temperatures, 5
o
C, 20
o
C 
and 40
o
C in increasing order to monitor the effect of temperature in their stiffness.  
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Figure 4.6 FAM Sample Installation and Test Methodology   
4.4.5 Data Acquisition  
The torque required to reach the assigned value of controlled strain was recorded using 
the Rheology Advantage software of dynamic shear rheometer, AR2000ex (Figure 4.6). 
The calibration constants, frequency, angular twist, oscillatory stress, temperature, the 
length of the sample as the gap length, etc. were also recorded at each instantaneous time 
for facilitating the calculation of dynamic modulus values and phase angles. 
4.5 Data Analysis 
4.5.1 Oscillatory Torsional Shear Tests 
Dynamic shear modulus of the fine aggregate matrix |G*| was calculated by dividing the 
amplitude of sinusoidal shear stress η0 at a given loading frequency and temperature by 
the amplitude of sinusoidal shear strain γ0 in the corresponding cycle as follows: 
 |𝐺∗|  =
0
𝛾0
          (4.23) 
The amplitudes of the shear stress and the shear strain were directly determined from the 
amplitude of torque To required to obtain the amplitude of rotational displacement Φo in 
each cycle: 
𝜏0 =
2 𝑥  𝑇0
𝜋  𝑥  𝑅3
=
16 𝑥  𝑇0
𝜋  𝑥  𝐷3
         (4.24) 
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𝛾0 = 𝛷𝑜𝑥 
𝑅
𝐿
          (4.25) 
Where, R and L denote the radius and the length of the torsional bar of matrix. Similarly, 
the phase angle was calculated from the dynamic modulus test curves as follows:  
𝛿 = 2𝜋 𝑥 𝑓  𝑥 𝛥𝑡 = 3600𝑥 𝑓 𝑥 𝛥𝑡       (4.26) 
Where, the time delay between the stress and strain cycles was given by the following 
relation: 
𝛥𝑡 = 𝑡𝑇𝑜  − 𝑡Φ𝑜          (4.27) 
4.5.2 Master Curve Generation 
A master curve was constructed by shifting the frequency sweep test curves of fine 
aggregate matrix by the same procedure used for constructing the master curve of 
dynamic modulus tests of asphalt concrete mixtures. The curves of dynamic shear 
modulus values at 5
o
C and 40
o
C in the frequency range of 0.01 Hz to 25 Hz were 
horizontally shifted towards the curve of dynamic shear modulus at 20
o
C by applying the 
time and temperature superposition principle until they superimposed into a single 
smooth curve. While shifting the curves to a reference temperature, shift factors for the 
horizontal transposition of the curves at each temperature were also determined and curve 
fitted by quadratic function of temperature. Using the shift factor interpolated by using 
the function, the master curve at 20
o
C was shifted to a temperature of 23
o
C. The master 
curve of storage shear modulus was also constructed at 20
o
C and 23
o
C to obtain the 
Prony series coefficients. 
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4.5.3 Prony Series Coefficients 
The master curves constructed for storage shear modulus at 23
o
C in angular frequency 
domain were curve fitted by Prony series to obtain the constants G o, G ∞, G i and  i. The 
constants obtained from Prony series curve fitting of master curves are used to 
characterize the viscoelastic materials such as fine aggregate matrix in this study: 
𝐺 ′ 𝜔 = 𝐺∞ +  
𝜔2𝜏𝑖
2
ω2ηi
2+1
𝑛
𝑖=1 Gi         (4.28) 
G′′ ω =  
ωηi
ω2ηi
2+1
n
i=1 Gi          (4.29) 
Where, 
G ∞ = Long term Prony series coefficient representing the spring  
G i = Prony series coefficients representing the linear spring constants  
 i = Prony series coefficients representing the time dependent decay of dashpots 
n = Number of the dashpots 
The values of constants in the Prony series were determined by collocation method until 
the master curve from the analytical solution converged with the master curve 
constructed from the experimentally determined storage shear modulus in angular 
frequency domain. Then the material constants were normalized using the following 
relations: 
gi =
𝐺i
𝐺0
           (4.30) 
Where,  
G 0 = Short term Prony series coefficient representing the spring  
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g i = Normalized Prony series coefficients representing the linear spring constants  
The short term Prony series coefficient was obtained by calculating the relaxation shear 
modulus at zero value of time as follows: 
𝐺0 =  
lim
t = 0
G(t) = 𝐺∞ +  Gi
𝑛
𝑖=1        (4.31) 
Where, 
G 𝑡 = 𝐺∞ +  Gi  𝑥 𝑒
−t/ηi𝑛
𝑖=1         (4.32) 
4.6 Results 
4.6.1 Sieve Analysis of Aggregates  
Out of the six types of aggregates used in asphalt concrete mixtures, only those 
aggregates passing through 1.19 mm sieve were used to fabricate the fine aggregate 
matrix. The only three aggregate types in this category were the aggregates from 
screenings, 47B and 3ACR, totaling a 21 % by weight of total aggregates used in asphalt 
concrete.  
Out of these three aggregates, screenings weighed 39.3 %, 47B weighed 15.2 % and 
3ACR weighed 45.5 % by weight of total aggregates in fine aggregate matrix mixtures 
keeping the proportion of 8.3: 3.2: 9.6 constant same as it was in the matrix phase of 
asphalt concrete mixtures. The sieve analysis results are listed in Table 4.3 in terms of 
cumulative passing percentage. 
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Table 4.3 Sieve Analysis of Aggregates in Fine Aggregate Matrix  
Sieve Cumulative Passing % 
Size (in.) Size (mm) Size 
0.45
 Mix Design Density Line Max. Density Line 
No. 16 1.19 1.08 100.0 100.0 
No. 30 0.6 0.79 66.7 73.5 
No. 50 0.3 0.58 47.6 53.8 
No. 100 0.15 0.43 33.3 39.4 
No. 200 0.08 0.32 16.7 29.7 
 
Similarly, the values of cumulative passing percentage of aggregates through different 
sieve sizes is illustarted in Figure 4.7. 
 
Figure 4.7 Sieve Analyses of Aggregates in Fine Aggregate Matrix 
4.6.2 Volumetric Analysis of Mixtures 
A total of five different types of Superpave gyratory compacted hot mixed FAM samples 
were prepared in the laboratory with the height of 80 mm and diameter of 150 mm, and 
air voids of 0.0%, 0.5%, 1.0%, 1.5% and 1.75%. Depending on the compaction effort 
required for different air voids and densities, it was expected that the stiffness of the 
matrix would decrease with the increase of air voids. The volumetric information of 
0.0
10.0
20.0
30.0
40.0
50.0
60.0
70.0
80.0
90.0
100.0
0.00 0.20 0.40 0.60 0.80 1.00 1.20
C
u
m
u
la
ti
v
e
 P
a
ss
in
g
 (
%
)
Sieve Size d0.45 mm
Maximum Density Line
Mix Design Density Line
73 
 
different types of the SGC matrixes showed an increasing trend of number of gyrations 
with the decrease in air void content and increase in density as expected.  
4.6.3 Oscillatory Torsional Shear Tests 
Then oscillatory torsional shear tests were conducted at 5
o
C by sweeping the frequency 
from 25 Hz to 0.01 Hz at constant strain amplitude of 0.006% in each cycle. Similar tests 
were conducted for all the samples at 20
o
C and 40
o
C too (Figure 4.8). 
 
Figure 4.8 Frequency Sweep Tests of Fine Aggregate Matrix Bars 
The dynamic shear modulus increased with the increase in loading frequency at a 
constant temperature and vice versa, which illustrated the time dependency of FAM 
mixtures. Another clear tendency observed from the frequency sweep tests is that they 
resisted the shear stresses and the shear strains weakly in high temperature conditions but 
strongly in low temperature conditions. The behavior of temperature dependency is 
attributed to the fact that fine aggregate matrix behaves like viscous fluids at higher 
temperature and elastic solids in lower temperature. These two facts of time and 
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temperature dependency of FAM mixtures prove them to be thermo-rheological 
materials. 
4.6.4 Master Curve Development 
Since the mixtures of asphalt binder and fine aggregates are thermo-rheological simple 
materials as discussed above, the curves obtained by conducting the oscillatory frequency 
sweep tests of torsional bar samples at 5
o
C and 20
o
C were horizontally shifted to the 
curve obtained for the reference temperature of 20
o
C to generate the master curve. The 
master curves were constructed for average values of dynamic shear modulus and storage 
shear modulus for five torsional samples extracted from the circumferential region and 
for other five samples from central region, and also for the average of all ten samples. 
The process was repeated for all the five types of FAM mixtures with example in Figure 
4.9. 
 
Figure 4.9 Master Curve of Dynamic Shear Modulus of FAM Bars 
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While shifting the frequency sweep curves at different temperatures, one shift factor was 
obtained for each of 5
o
C, 20
o
C and 40
o
C which were fitted with quadratic function of 
temperature. The function was used to determine the horizontal shift required to 
transpose the master curve at 20
o
C to 23
o
C. The shift factors for the dynamic modulus 
curves of the fine aggregate matrix mixtures with 0% air voids are fitted in Figure 4.10. 
 
Figure 4.10 FAM Master Curves (a) Shift Factors (b) Shift at 23
o
C  
Shift factors were determined for each type of matrix mixtures and curve fitted by 
corresponding quadratic functions. By the principle of time-temperature superposition, a 
wider range of frequencies in master curves was obtained for the matrix samples too. The 
fact illustrated the benefit of using the thermo-rheological behavior of fine aggregate 
matrix to determine the dynamic shear modulus at the extreme frequencies at which 
laboratory tests are almost not possible. With the shift factors determined from their 
quadratic functions, the master curve was constructed for different types and locations of 
SGC FAM samples for 23
o
C by shifting the master curves at 20
o
C.   
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4.6.5 Prony Series Coefficients 
The master curves of storage shear modulus of the fine aggregate matrix mixtures at 23
o
C 
in angular frequency domain were curve fitted by Prony series using the collocation 
method to get the material constants, namely the normalized storage modulus 
coefficients, g i, relaxation times,  i and the long term shear modulus of the materials G∞. 
The shear modulus in time domain was then constructed by using the coefficients 
obtained for the shear modulus in angular frequency domain and just changing the 
loading time. The shear modulus values were converted into bulk and relaxation modulus 
values to get the Prony series coefficients for each of them. All the coefficients obtained 
for the Prony series of shear, relaxation and bulk moduli were later used for the finite 
element computations, as discussed in chapter six. The master curves of storage shear 
modulus of FAM mixtures with different air void contents in frequency domain are given 
in Figure 4.11. 
 
Figure 4.11 Storage Shear Modulus of Fine Aggregate Matrix  
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The master curves obtained by plotting the analytically calculated values of relaxation 
shear modulus in time domain are shown in figure 4.12 below: 
 
Figure 4.12 Relaxation Shear Modulus of Fine Aggregate Matrix   
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CHAPTER FIVE 
EXPERIMENTAL CHARACTERIZATION OF AGGREGATES  
5.1 Material/ Sample Selection 
One sample of limestone and two samples of asphalt concrete mixtures were selected for 
nanoindentation tests to obtain their elastic modulus values. The sample of limestone was 
selected to study the workability and consistency of nanoindentation tests in aggregates 
with respect to indentation numbers and load. The samples of asphalt concrete mixtures 
were selected to determine the elastic moduli of the aggregates used their fabrication by 
indenting them at random locations of aggregate phase. The asphalt concrete samples 
were obtained from SP4-Special mixtures of aggregates like 5/8” limestone, 3ACR, 47B, 
Screenings, 2A and ¼” limestone and the PG 64-28 binder. The limestone sample was 
prepared by cutting the coarse aggregate of limestone while the asphalt concrete samples 
were prepared by cutting the Superpave gyratory compacted cylindrical samples. 
The size of the sample was decided based on different factors such as objective of 
selecting the sample, number of required indentations, degree of heterogeneity, degree of 
surface roughness, etc, and also workability for coring, cutting, grinding, polishing and 
indenting the samples.  
For the asphalt concrete samples, the thickness was primarily governed by the maximum 
thickness allowed in the nanoindenter and the degree of absorption of deformation by the 
binder around the aggregates of interest. Secondly, it was limited by the maximum depth 
of indentation which, in no case, was allowed more than one tenth of the total thickness 
for the safety of the indenter. The least thickness that the diamond cutter could deliver 
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was inside the range and, so it was decided as the thickness of both asphalt concrete 
samples and the limestone sample as well. 
Similar to the thickness, the x-y size of the asphalt concrete samples was also governed 
by the dimensions of the working stage, the efficiency and perfections required in surface 
polishing. So the dimensions of the samples were taken as small as possible to avoid 
extra work of polishing by avoiding voids, valleys and elevations. It was also verified that 
they contained different types of aggregates and binder (Figure 5.1). 
 
Figure 5.1 Sampling of AC Mixtures for Nanoindentation  
The cylindrical samples of asphalt concrete mixtures, 170 mm in length and 150 mm in 
diameter, were cored and cut into almost 5 mm height and 150 mm diameter slices, 
which were cut with a marble cutting machine into rectangular pieces with sides 
averaging around 10 mm. The limestone sample was obtained by cutting the coarse 
limestone aggregate into a thickness of 5 mm and side length of close to 10 mm. 
5.2 Sample Preparation 
Since nanoindentation is in nano scale, even a small irregularity in gradient or depth at 
any point inside the samples can make the indenter collide with the surface and give 
misleading results. Thus, the surfaces of asphalt concrete and limestone samples were 
smoothened to give flat and parallel surface before performing the indentations. For 
smoothing, the samples were first glued to the closed end of cylindrical metal piece with 
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a base plate in between them by using a heat sensitive adhesive bond, Crystalbond™ 509. 
Then the assembly was inserted into a circumferential ring with corrugations in one side 
(Figure 5.2).  
 
Figure 5.2 Assembly for Holding the Sample During, Grinding and Polishing  
Buehler ECOMET® 3 and its accessories (Figure 5.2 and Figure 5.3) were used for 
making the samples smooth by grinding the surface of interest with several grades of 
abrasive papers and grinders in the presence of water. The abrasive papers and grinders 
were continuously rotated to make the extra materials on the surface of the sample wear 
out and wash away with the water through the corrugations of the circumferential ring. 
Three levels of sandpapers were used for grinding the test surface until the surfaces were 
uniformly smooth.  
 
Figure 5.3 Accessories for Gluing, Grinding and Polishing 
After removing the larger extra materials, the samples were polished using the Aluminum 
suspensions on special polishing cloths in the presence of water to remove the smaller 
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materials which were not removed by the grinders. Three different levels of 
MicroPolish® II Alumina suspensions, 1.0 micron, 0.3 microns and 0.05 microns were 
used in sequence. Each suspension was used with different polishing cloth to remove the 
wear and tear particles larger than the size of the Aluminum suspensions. For example, 
the 0.05 micron Aluminum suspensions removed the particles greater than 0.05 microns 
from the surface. The entire process of grinding and polishing the samples was conducted 
with the least force required to hold the samples and corrugations in contact while 
touching the rotating grinders and polishers without causing breakage or surface 
disruption (Figure 5.3 and Figure 5.4). 
 
Figure 5.4 Grinding and Polishing for Nanoindentation  
5.3 Nanoindentation Tests 
Since the objective of the nanoindentation tests of asphalt concrete and limestone was to 
determine only the elastic properties of aggregates in them, only quasi-static tests were 
conducted by using a Berkovich diamond indenter attached in Hysitron Bio Ubi VII 
Nanoindenter. Berkovich indenter is a three sided probe with a total included angle of 
142.35
o
 plane to edge, half angle of 65.35
o
, an aspect ratio of 1:8 and an average radius of 
curvature of about 150 nm. It is usually used to indent samples with thickness greater 
than 100 nm. The instrumentation of the nanoindentation test is shown in Figure 5.5. 
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Figure 5.5 Nanoindentation Test Equipments and Indenter 
5.3.1 Calibration  
Before testing the samples of interest, a fused silica quartz sample was indented with a 
Berkovich indenter in quasi-static condition. The elastic modulus of quartz obtained from 
the nanoindentation test was same as the elastic modulus obtained from standard 
literature, signifying the fact that the elastic modulus of any other samples would be 
accurate if the same testing conditions of indenter, temperature, machine, etc. were 
maintained. By back calculating the projected area from elastic modulus, six coefficients 
were obtained for curve fitting the projected area and the indentation depth in the quartz 
sample. Since these coefficients were related to the machine compliance and the 
Berkovich indenter geometry, they were used for determining the projected areas at 
different contact depths for all samples in this study. 
5.3.2 Selection of Points of Interest 
The samples were placed in the central region of the magnetic stage inside the 
environmental chamber of the indenter machine such that the metallic base of the test 
sample assembly was attached on the stage as a substratum, hence creating a support and 
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ensuring no movements of sample during the indentation process. The samples were then 
viewed through the powerful microscope attached inside the environmental chamber with 
an appropriate zoom level to identify the aggregates and the matrix. The regions with 
distinct phase of aggregates with one or more types were selected by assigning the 
control points. The area within the boundary along the control points was used to make 
the indentation. The areas of interest were selected randomly for the limestone sample 
due to their homogeneity. The points of interest were manually selected by looking on the 
surface of the sample with a microscope. 
Nine points of interest were assigned for the first set of tests in limestone sample and 
thirty more in the second set. One extra point was also assigned for the indentation test at 
a higher peak load. Thirteen points of interest in two different regions were assigned in 
each of the two asphalt concrete samples such that some of them would lie in aggregates 
and others outside them (Figure 5.6)  
 
Figure 5.6 Points of Interest for Nanoindentation Tests  
All together forty indents were assigned in limestone sample to capture the consistency of 
the tests and fifty two in asphalt concrete samples to check the heterogeneity of the 
asphalt concrete samples respectively. The indents only in aggregate phase of asphalt 
concrete would be used for simulation purposes described in chapter six. 
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5.3.3 Load Profile 
There are multiple numbers of quasi-static and oscillatory loading schemes which can be 
implemented separately or in combinations. In this study, a trapezoidal loading profile 
(Figure 5.7 and Figure 5.8) and a triangular loading profile (Figure 5.9) were 
implemented. For the first set of nine tests in limestone sample and all four sets of 
thirteen tests in asphalt concrete samples, a trapezoidal loading profile was constituted 
with three steps in it – loading, holding and unloading. All indentation tests in asphalt 
concrete samples were carried out with this loading profile. The trapezoidal loading 
profile was used for indenting the asphalt concrete samples to allow them to relax the 
effect of viscoelasticity of binder, if any, during the holding period so that only elastic 
property of aggregate could be captured.  
 
Figure 5.7 Visualization of Trapezoidal Loading Profile 
 
Figure 5.8 Indentation Curves from Trapezoidal Loading Profile 
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The triangular loading profile (Figure 5.9) was constituted with one loading step and one 
unloading step without any holding step. The holding period was decided to be omitted 
because the creep in the limestone was very small and could be ignored. This profile was 
applied for limestone sample only for the second set of nine indents with same peak loads 
and one single test with a higher peak load.  
 
Figure 5.9 Indentation Curves from Triangular Loading Profile  
For the limestone, each three steps of trapezoidal loading profile (Figure 5.10) were 
assigned with a peak load of 2000 μN for 10 seconds. Similarly, the another thirty 
indentations in limestone sample were assigned with a triangular load profile which 
contained only loading and unloading steps of 10 seconds each and same peak load of 
2000 μN (Figure 5.10). One single indent in it was assigned with a peak load of 5000 μN 
to monitor the change in modulus, if any, with the change in load (Figure 5.10). 
Figure 5.10 Loading Profiles for Nanoindentation Samples 
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The trapezoidal load function in asphalt concrete samples were designed with  5 seconds  
of loading, 10 seconds of holding and 5 seconds of unloading with a peak force of 1000 
μN. 
5.3.4 Quasi Static Tests 
The nanoidentation tests were then executed with the help of TriboScan® software. The 
indentation were done at a constant rate of indentation, creating a quasi-static conditon of 
loading and unloading. The indentations were conducted with a time gap in between each 
indents to allow the material of indenter to recover from the any effects from consecutive 
indentations.  
5.3.5 Data Acquisition 
Every data of instantaneous time, indentaion loads and indentaion depths were recorded 
starting from the time when the indenter first touched the smooth surface of the samples 
until the last second when it completely left the samples with the dents behind.  
5.4 Data Analysis 
The instantaneous data of indentation force and depth were extracted and plotted out of 
which one–fourth portion of the unloading data was curve fitted with a power law (Figure 
5.11). The slope of the curve at the start of unloading was calculated as the contact 
stiffness of the specimen materials by taking the first order derivative of load function 
obtained for unloading curve with respect to the indentation depth:  
S =  
dP
dh h=hmax
= m α (h max − h f)  
m−1      (5.1) 
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Where, hmax represents the depth of indentaion at the start of unloading process, and  hf 
represents the  depth of indentaion still left after the elastic  recovery of the specimen.   
 
Figure 5.11 Load-Indentation Depth Profile in Nanoindentation  
The projected area of indentation was calculated from the function of the contact depth hc 
and the six coefficients obtained during the calibration as follows:  
A(hc ) =   Cn  x h  c
2−n 6
n=0         (5.2) 
The contact depth was determined from its relation with the maximum indentation depth, 
hmax, the sink-in depth hs, contact stiffness S, indenter constant, ε and the maximum force 
applied at the start of unloading curve, Pmax as follows: 
hc =  hmax −  hs          (5.3) 
hs  =  ε x 
Pmax
S
          (5.4) 
Where, the geometric constant, ε is equal to 0.75 for a Berkovich indenter. The effective 
modulus of the material due to the deformation in the indenter and the specimen was then 
calculated by the following relation where the correction factor β was taken as 1.05: 
y = 1E-26x11.88
R² = 0.9544
0
100
200
300
400
500
600
700
800
900
1000
0 50 100 150 200 250 300
In
d
e
n
ta
ti
o
n
 L
o
a
d
 P
 (
μ
N
)
Indentation Depth hmax (nm)
Loading
Holding
Unloading
88 
 
Er =
1
β
x 
 π
2
 x 
S
 A
         (5.5) 
With the known values of Young‟s modulus of elasticity, E i and Poisson‟s ratio, ν i of 
indenter material and the effective modulus of elasticity, E r and Poisson‟s ratio, ν s of 
specimen material, the elastic modulus of specimen material was calculated from the 
equation (5.6) derived by assuming the indenter and the specimen in series combination 
without any adhesion and slippage in between them. 
Es =  
1−νs
2
1
E r
−
1−νi
2
E i
          (5.6) 
In this study, the elastic modulus of 1141 G Pa and Poisson‟s ratio of 0.07 were used for 
the Berkovich indenter made of diamond as per the literature (Bei et al., 2004; Shen and 
Tang, 2009). Similarly, the Poisson‟s ratio of aggregates in asphalt concrete mixtures was 
assumed as 0.15. The same process of data analysis was followed for each indentation to 
determine the elastic modulus of limestone sample and the aggregates in asphalt concrete 
samples.  
5.5 Results 
When the deformation of the indenter is small enough, the reduced modulus of elasticity 
can be taken as the elastic modulus of the sample. Considering that there was no 
deformation in the diamond indenter, the nine nanoindentation tests of limestone sample 
under the trapezoidal loading sequence of loading, holding and unloading with peak 
value of 2000 μN gave an average value of 68.0 G Pa  10.3 G Pa with an standard error 
of 15.1%.  
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Similarly, out of the thirty indents performed again in the same sample of limestone, the 
modulus values from three of them were too low. These values can be attributed to the 
surface imperfections of limestone at local points. Excluding these outliers, the remaining 
values gave an average elastic modulus of 65.3 G Pa  7.0 G Pa with standard error of 
10.7 %. The single indentation done in the same sample with a peak load of 5000 μN 
gave 67.0 G Pa as its elastic modulus. When all these values were considered, the 
modulus values averaged to 66.0 G Pa  7.9 G Pa with standard error of 12.0%. The 
residual impressions in the limestone sample are shown below in Figure 5.12 at different 
levels of magnifications. 
 
Figure 5.12 Images of Residual Indentations 
When the deformation of diamond indenter was taken into consideration, the elastic 
modulus of limestone increased to 70.6 G Pa  11.4 G Pa with standard error of 16.1% 
for the set of nine indents, 67.6 G Pa  7.6 G Pa with standard error of 11.3% for the set 
of twenty nine indents, 69.4 G Pa for the single indent, and 68.4 G Pa  8.7 G Pa with 
standard error of 12.7% for all the forty indents (Figure 5.13). 
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Figure 5.13 Results of Nanoindentation Tests in Limestone  
The nanoindentation tests thus gave consistent values of elastic modulus for a number of 
indentations within a short period of time, clearly signifying that the test method can be 
applied in determining the elasticity of aggregates of unknown mineralogy like those 
used in asphalt concrete mixtures.  
Out of the fifty two indentations assigned in asphalt concrete samples, only forty three 
tests were successfully completed.  The other nine indents could not be completed 
because of the excessive values of indentation depths that were not allowed by the 
machine for safety reasons. The successful forty three indentations were still statistically 
significant to conclude that the nanoindentation tests can be conducted in asphalt concrete 
samples and that there is a high degree of heterogeneity in them which should be dealt 
with while deciding the elastic properties of aggregates and fine aggregate matrix.  
A simple illustration of the heterogeneity is provided by Figure 5.14. 
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Figure 5.14 Topography and Gradients of AC Samples  
It was also observed that some values of elastic modulus were as low as 0.4 G Pa and 
some were as high as 84 G Pa (Figure 5.15). 
 
Figure 5.15 Results of Nanoindentation Tests in AC Samples 
Based on the properties of fine aggregate matrix and the location of indentations, the 
lower values were close to the short term relaxation modulus values of fine aggregate 
matrix mixtures of binder and fine aggregates. This can be explained by the fact that 
when the indenter was loading or unloading in a fine aggregate floating on binder 
substrate, there was a combined effect and a resultant modulus which refers to the 
property of fine aggregate matrix, but not merely of the aggregates. Similarly, when the 
indenter pushes a very fine aggregate floating on binder, there are chances of the indenter 
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either reaching the binder by piercing through it or pushing the aggregate down into the 
binder with very small dents in them. There are also chances of aggregates being toppled 
in the binder due to some cantilever effect or chances of obliquely indenting some part in 
binder and some part in aggregates. All of these cases can give the combined effect of 
binder and fine aggregates which ultimately refer to the property of fine aggregate matrix 
discussed in chapter four. In these cases, massive sink-ins and pile-ups are possible while 
loading and unloading the indenter. So the indents that were targeted only in the 
aggregates were chosen for determining the average value of elastic modulus for the 
aggregates. The calculation gave an average value of 60.9 G Pa whose details are 
discussed in chapter seven. 
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CHAPTER SIX 
COMPUTATIONAL CHARACTERIZATION OF ASPHALT CONCRETE 
MIXTURES 
6.1 Sampling  
The same asphalt concrete samples which were used in the laboratory tests of dynamic 
modulus were selected for determining the dynamic modulus using the computational 
micromechanics model based on finite element method in commercially available 
software, Abaqus 2008. The 150 mm long and 100 mm diameter cylindrical samples of 
asphalt concrete mixtures were cut into two halves along the diametric plane with a 
diamond saw machine in order to expose two 150 mm x 100 mm rectangular surfaces. 
6.2 Sample Preparation 
6.2.1 Digital Scanning  
The clean and dry 150 mm x 100 mm rectangular surfaces of the asphalt concrete 
samples were digitally scanned at a resolution of 100 pixels per inch with the help of a 
regular scanner. A pixel is defined as the smallest unit of square shape with same lengths 
in each edge.  With 100 DPI, each dot or pixel measured 0.25 mm x 0.25 mm in size. 
6.2.2 Image Treatment  
The scanned images of the asphalt concrete specimens also captured some air voids along 
the edges while cutting the samples. To avoid these voids, the images were cropped to a 
length of 135 mm and a breadth of 90 mm from their sides (Figure 6.1.a). The resultant 
size was larger than the minimum size of representative volume element (RVE) which 
Kim et al. (2010) defined to be at least 60 mm x 60 mm.  
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The two dimensional original gray images of asphalt concrete samples were then 
converted into black and white images by defining a threshold to identify aggregates and 
fine aggregate matrix (Figure 6.1.b). Each aggregate area was converted into elements 
with a number of white pixels. Likewise, the fine aggregate matrix phase was converted 
into black pixels. When the scanned and cropped gray images were compared with the 
black and white images one to one, a number of aggregate areas were found 
undistinguishable because of their merger, which was not the case in real samples.  
Also contrary to the real samples, a number of white and black dots were observed inside 
the regions of fine aggregate matrix and aggregates respectively. Thin black lines were 
drawn between the aggregate areas to separate them. Similarly, the white or black dots 
which did not represent any aggregates or binder in asphalt concrete mixtures were 
treated with opposite colors correspondingly. The black and white boundary treatment 
was done keeping in mind not to violate the gradation, orientation, location, and the 
volume fraction of aggregates (Figure 6.1.c) 
        
Figure 6.1 Image Treatment for (a) Scanning (b) Black and White (c) Boundary  
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6.2.3 Image Analysis  
Finally, the boundary treated images were analyzed for their gradation in terms of area 
using the same process of gradation analysis as done in terms of weight. The sieve size to 
which a particular aggregate belonged to was determined based on the length of minor 
axis of that aggregate, and its area was used for determining the percentage passing or 
retained on that particular sieve. Along with the length of the minor axis and area of each 
aggregate, other geometric parameters like coordinate locations, angles of major and 
minor axes, length of major axis, etc. were also determined to account for other 
properties like orientation, percentage of flat and elongation, etc.  
Sieve analysis was carried out using a 0.45 power FHWA graph in which the cumulative 
passing percentage in each sieve by total area of aggregates was X-axis and the 0.45 
power of corresponding sieve size was plotted in Y-axis. The gradation analysis showed 
negligible amount of aggregates passed though sieve number 16. It referred to the fact 
that the black phase in asphalt mixture microstructure constituted binder and fine 
aggregates less than 1.19 mm in size and represented the fine aggregate matrix phase of 
asphalt mixtures. Along with the gradation, the area fraction of aggregates and fine 
aggregate matrix was also determined to check whether they were in par with the volume 
fraction as used in the volumetric design of the three dimensional samples. However, the 
gradation and weight fraction of the two dimensional images were not expected to be the 
same as the cylindrical samples of asphalt concrete mixtures. 
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6.2.4 Finite Element Mesh Generation 
The image files were then converted into text files which converted pixels into the 
numbers 0 and 255; the number 0 represented the black phase of fine aggregate matrix 
and the number 255 represented the white phase of aggregate. With 0s and 255s, the 
input files were created for the computational finite element software Abaqus 2008 using 
the node configuration code. The code assigned a node number to each of the 0s and 255s 
keeping them at a distance of 0.25 mm from each other, hence creating a 90 mm x 135 
mm two-dimensional two-phase geometry. The geometry comprised of the elements of 
fine aggregate matrix phase with nodes from 0s and the aggregate phase with nodes from 
255s. For one of the samples, all together 195301 nodes were created by using triangular 
elements for the meshing. The total number of triangular elements in the final mesh of the 
FAM phase was 141710 which was 36.4 % by total area of the sample; the rest 63.4 % 
was occupied by 247090 elements of coarse aggregates. 
6.3. FEM Simulations of Dynamic Modulus Tests 
6.3.1 Material Properties 
The two dimensional digital image of asphalt concrete illustrated a heterogeneous 
mixture of two distinct materials – the coarse aggregate phase and the FAM phase. The 
aggregate phase was considered isotropic, homogeneous and elastic, and assigned with an 
average elastic modulus value of 60.9 G Pa obtained from their nanoindentation tests and 
a Poisson‟s ratio of 0.15 obtained from literature (Barksdale, 1993). 
Similarly, the fine aggregate matrix phase was considered isotropic, homogeneous and 
viscoelastic and assigned with the normalized Prony series coefficients obtained from 
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oscillatory torsional shear tests at 23
o
C. There were eight values of the coefficients g i 
and  i in Prony Series function of shear modulus and same number of k i in bulk modulus 
along with the short term and long term relaxation modulus E o, E ∞. A Poisson‟s ratio of 
0.35 was assumed for asphalt concrete mixtures to account for the lateral strains 
assuming the ratio between lateral and axial strains does not change with time. 
Considering no influence of bulk moduli in two dimensional simulations, they were taken 
as zeros. 
6.3.2 Boundary Conditions 
Both displacement (U) and traction (T) boundary conditions were applied. The top 
boundary was loaded with haversine traction in vertical direction without any traction in 
horizontal direction. The bottom boundary was fixed against any displacement in vertical 
direction and without any traction in horizontal direction. The left and right boundaries 
were allowed to move in both vertical and horizontal directions without any traction. 
Top Boundary (0 ≤x ≤90, y = 135); 
Tx  =  0          (6.1) 
Ty  =  −0.05(1 − Cos(2πft))       (6.2) 
Bottom Boundary (0 ≤x ≤90, y = 0);  
Tx  =  0           (6.3)  
Uy  =  0           (6.4) 
Left Boundary (0 ≤y ≤135, x = 0) and Right Boundary (0 ≤y ≤135, x = 90); 
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Tx  =  0          (6.5) 
Ty  =  0          (6.6) 
The traction and displacement boundary conditions are illustrated in Figure 6.2. 
 
Figure 6.2 Boundary Conditions for FEM Test Simulations  
6.3.3 Load Profile  
A haversine uniaxial compressive force with amplitude of 1 N was assigned at each 
element of top boundary of the samples in par with the uniform load applied on the top of 
asphalt concrete samples in experimental dynamic modulus tests. A total of five cycles 
were run for each of the nine frequencies 0.0001, 0.001, 0.01, 0.1, 1.0, 10, 100, 1000, 
10000. The input and the output signal are illustrated in Figure 6.3. 
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Figure 6.3 Input and Output Signals of FEM Test Simulations 
6.3.4 Test Execution 
Then the tests were conducted at nine different frequencies each of which took around 
forty minutes. The tests were repeated for all five types of fine aggregate matrix without 
changing the aggregate property.  
6.3.5 Data Acquisition  
Four replicate gage points 9 mm x 9 mm were virtually installed in the finite element 
mesh at four locations, each with 1389 nodes (Figure 6.4). The centre to centre distance 
of gage points were kept 100 mm in the vertical and 33 mm in the horizontal. The areas 
of the gage points were also kept as same as that of the real gage points used in laboratory 
tests. A total number of four data points were assigned to be extracted for each cycle 
along with one extra in the initial condition and one more after the fifth cycle, hence 
totaling a set of 22 data points.  
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Figure 6.4 Virtual Measuring Gages in FEM Test Sample  
For each element on the top boundary, instantaneous vertical stress values were requested 
over the total test period from the Abaqus 2008 software. Similarly, for each node in the 
virtually installed four gage points, the displacements in vertical direction were requested 
over the total test period. 
6.4 Data Analysis 
The stresses at each element on the top boundary and the displacements of each node of 
the gage points were averaged separately to determine average stress at the top surface 
and displacement of each gage point as follows: 
ζ =   S22i
m
i=1          (6.7) 
U2Gage =   U2i
n
i=1          (6.8) 
Where, S22 i represents the vertical stress for i
th
 element out of m elements in the top 
surface, and U2 i represents the vertical stress for i
th
 node out of n nodes in the gage 
points. The changes in distance between the top and the bottom gages were then 
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calculated by subtracting the average vertical displacement of bottom gage from that of 
top gage as in equation 6.9. 
ΔU2 =  U2Top −  U2Bottom          (6.9) 
The average change in distances between top left and bottom left and between top right 
and bottom right gage points was converted into strain by dividing it by the initial 
distance L of 100 mm as given by equation 6.10.  
ε =  
ΔU2
L
          (6.10) 
The dynamic modulus was finally determined by dividing the amplitude of stress by the 
amplitude of strain observed in the five cycles of loading at each frequency as shown in 
equation 6.11.  
|E∗|  =
ζ0
ε0
          (6.11) 
The dynamic modulus values for each frequency were then plotted in angular frequency 
domain to give a characteristic master curve. 
6.5 Results 
6.5.1 Characteristics of AC Microstructure   
The areas occupied by aggregates of each sieve sizes were calculated and analyzed for 
their percentage in the total mixtures. The sieve analysis of aggregates was conducted 
using the same procedure as used in sieve analysis of aggregates by percent weight. The 
sieve analysis results are tabulated in Table 6.1 for comparison purposes.  
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Table 6.1 Sieve Analysis of Aggregate by Area and Weight 
Sieve Cumulative Passing % 
Two Dimensions Three Dimensions 
Size 
# 
Size 
(mm) 
Sieve
0.45
 AC w/o FAM - 
by Imaging 
AC w/o 
FAM by 
Weight 
Maximum 
Density 
Line 
AC with 
FAM - by 
Weight 
3/4" 19.00 3.76 98.1 100.0 100.0 100.0 
1/2" 12.70 3.14 95.7 83.4 93.7 95.0 
3/8" 9.51 2.76 82.9 73.2 86.1 89.0 
4 4.76 2.02 45.7 53.6 64.6 72.0 
8 2.38 1.48 15.5 39.3 19.0 36.0 
16 1.19 1.08 5.8 28.7 0.0 21.0 
30 0.60 0.79 1.2 21.0 0.0 14.0 
50 0.30 0.58 0.1 15.4 0.0 10.0 
100 0.15 0.43 0.1 11.3 0.0 7.0 
200 0.08 0.31 0.0 8.3 0.0 3.5 
 
Since these calculations were based on two dimensional image of the sample, it was well 
understood that there should not be one to one comparison of gradation of the three 
dimensional sample. Having said that, there should still be a correlation between the area 
fractions of fine aggregate matrix and the coarse aggregate phases similar to, but might 
not be equal to, their volume fraction in three dimensional samples. 
It is obvious from Table 6.1 and Figure 6.5 that the percentage of aggregates passing 
through 1.19 mm sieve were captured the least. This signifies that 1.19 mm was the 
maximum size of aggregates in fine aggregate matrix phase of asphalt concrete mixtures. 
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Figure 6.5 Sieve Analysis by Aggregates by Areas and Weights 
6.5.2 Dynamic Modulus Tests  
The dynamic moduli of the asphalt concrete samples at 23
o
C were determined as 
described above and the results were plotted. The master curves obtained for the asphalt 
concrete mixtures containing the fine aggregate matrix with different density levels are 
shown in Figure 6.6. 
 
Figure 6.6 Master Curves of Dynamic Modulus from Simulations 
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As shown in Figure 6.6, the dynamic modulus values increased with the increase in 
loading frequency at a constant temperature and vice versa, illustrating the rate 
dependency of asphalt concrete mixtures. The figure also illustrates that stiffness of 
asphalt concrete increases with the decrease in air voids signifying the sensitivity of 
stiffness with volumetric and parametric properties of its components.  
It is also obvious that FEM simulations can be used to construct a master curve of 
dynamic modulus of bituminous composites over a wide range of frequency including 
very fast and very slow loading rates. 
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CHAPTER SEVEN 
RESULTS AND DISCUSSIONS 
7.1 Results from Experimental Characterization of Asphalt Concrete Mixtures 
In spite of the same mix design, fabrication and test procedures, there were still some 
deviations in dynamic modulus values of asphalt concrete mixtures (Figure7.1). These 
deviations were the results of accumulation of small but unavoidable errors in each steps 
of sample fabrication, testing and as well as sample to sample variations such as the 
orientations of the aggregates, the distributions of fine aggregate matrix mixtures, 
heterogeneity, etc. This is one of the reasons why the laboratory tests should be replaced 
with more repeatable, cheaper and faster method of predicting dynamic modulus. 
 
Figure 7.1 Master Curve of Dynamic Modulus of Mixtures from Tests 
The lower part of the master curve related to the higher standard deviations was obtained 
by shifting the dynamic modulus test curves at high temperatures towards the curve at 
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reference temperature. At high temperatures, such tendency of sample to sample 
variations is usual for heterogeneous samples of asphalt concrete.  
7.2 Results from Experimental Characterization of Fine Aggregate Matrix Mixtures 
7.2.1 Properties at the Different Locations of SGC Matrix Samples 
The dynamic modulus of fine aggregate matrix torsional bars extracted from different 
locations of the Superpave gyratory compacted FAM mixtures were compared with each 
other to determine whether there was different level of air voids at different locations of 
SGC samples. This check was also conducted to decide whether fine aggregate matrix 
was compacted uniformly.  For this check, the master curves of dynamic shear modulus 
for the five FAM torsional bars from the circumferential region and those for other five 
from central region were compared one to one. Figure 7.2 illustrates a comparison of 
master curve of dynamic modulus of the fine aggregate matrix samples extracted from 
different locations of SGC matrix sample with same air void content of 0.00 % by 
volume.
 
Figure 7.2 Comparison of Compaction of FAM with 0.00 % Air Voids 
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A small discrepancy was found in between the dynamic modulus of torsional bars 
extracted from the central and the circumferential regions of SGC FAM samples. This 
difference was less than standard deviations of the samples a particular region, and thus 
ignored, which signified the same level of compaction in all locations of the SGC 
samples. Similar observation could be made with the master curves of SGC FAM 
samples with 1.75 % air voids (Figure 7.3). 
 
Figure 7.3 Comparison of Compaction of FAM with 1.75 % Air Voids 
Because of the same compaction level of FAM mixtures with Superpave gyratory 
compactor, all the torsional bars extracted from the two regions of SGC FAM specimens 
were tested and averaged for the representative properties.  
7.2.2 Properties of Different Types of SGC Matrix Samples 
Based on earlier discussion, the discrepancy between the properties of the central and the 
circumferential region of Superpave gyratory compacted samples were ignored and 
average of dynamic shear modulus of all ten samples were selected for comparison. It 
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was expected that the samples with lower air void content would be stiffer than the 
samples with higher air void content. The master curves of dynamic modulus of the five 
different types of fine aggregate matrix exhibit the same trend as expected. The master 
curves of average dynamic shear modulus of ten samples of each type of SGC fine 
aggregate matrix mixtures at 23
o
C are shown in Figure 7.4.  
 
Figure 7.4 Comparison of Dynamic Modulus of Different Types of Matrix 
Figure 7.4 shows that the stiffness of the FAM mixtures increased with the decrease in air 
voids and decreased with the increase in air void content. In other words, the denser the 
material, the higher was the stiffness. The Superpave gyratory compacted FAM mixtures 
with 1.75 % air voids had the lowest stiffness and those with 0.00 % had the highest 
stiffness; the stiffnesses of other three types were inside this range.  
Again, the average values of the dynamic modulus at 50 radians per second and 23
o
C 
were extracted from the master curves of the torsional samples of all five types of SGC 
FAM samples extracted from two regions. Figure 7.5 illustrates the difference between 
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the properties the samples from circumferential and central regions of the SGC samples 
at 50 rad. / seconds at 23
o
C and also exhibits the change when all samples were 
considered. 
 
Figure 7.5 Comparison of Stiffness of Different Types of Matrix @ 50 rad. / sec  
The comparison reconfirms that the stiffness of SGC FAM mixtures depends on the 
density and the air void content in them. There is an increase of standard deviations with 
the increase of air void content or the decrease of density, and vice versa. Similarly, the 
deviations are a bit higher for the circumferential samples than those for central samples, 
but still they are ignorable.  
7.3 Results from Experimental Characterization of Aggregates 
First, the effect of Poisson‟s ratio of the indenter in the elastic modulus of test samples 
was studied. The study showed that the elastic modulus is not affected a lot by the change 
of Poisson‟s ratio value. With a 0.12 value of Poisson‟s ratio, the average elastic modulus 
value from forty indents in limestone sample was determined as 69.1 G Pa  8.8 G Pa 
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with standard error of 12.7%. With 0.18 value of Poisson‟s ratio, the elastic modulus 
value changed into 67.9 G Pa  8.6 G Pa with same standard error of 12.7%. There was 
no more than 0.8 G Pa which is a very small value in comparison to the average elastic 
modulus value. Thus choosing a 0.15 value of Poisson‟s ratio, the average value of 68.6 
G Pa  8.7 G Pa was determined for the Young‟s modulus of elasticity of limestone with 
a standard error of 12.7%.  
Based on the recommendations of Aragão et al. (2010) to perform the experiments to 
determine the elastic modulus of aggregates rather than depending on literature, 
nanoindentation tests were performed in asphalt concrete samples too. The individual 
values of nanoindentation tests in the aggregates in two samples of SP4-Special asphalt 
concrete mixtures were selected and an average value of the elastic modulus of their 
aggregate phase was determined as 60.9  11.2 G Pa (Figure 7.6). 
 
Figure 7.6 Elastic Modulus Values of Aggregates in AC Mixtures 
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7.4 Results from Computational Characterization of Asphalt Concrete Mixtures 
The same samples used in dynamic modulus tests were used to generate the mesh 
required for FEM simulations of those tests. The master curves of dynamic modulus 
obtained from FEM simulations for the asphalt concrete mixtures, which contained the 
two extreme cases of air void contents in this study, are compared in Figure 7.7. 
 
Figure 7.7 Dynamic Moduli from FEM Simulations: V a = 0.00%, 1.75% 
It is obvious from above Figure 7.7 that the stiffness of FAM mixtures increases with 
increase in loading rate and decreases with decrease in loading rate in a similar trend as 
shown by stiffness in the laboratory tests. Similarly, with the increase in air void 
contents, the simulation results show an increase in the stiffness as observed earlier in the 
case of fine aggregate matrix mixtures. The simulations were performed at several 
frequencies comprising very low and high frequencies, even at those frequencies which 
are practically hard to achieve in the laboratory. 
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7.5 Comparison between Experimental Method and Computational Model 
The master curves for the dynamic modulus obtained from the experimentation and FEM 
simulations were compared one to one for all five combinations of different types of fine 
aggregate matrix mixtures and aggregates in order to identify the particular value of air 
void content in fine aggregate matrix which when used in numerical simulation would 
give the best match with the experimental master curve of asphalt concrete. That 
particular value of air voids would be the air content in fine aggregate matrix to be 
fabricated in future. The master curves obtained by the numerical simulations of dynamic 
modulus tests of all the five types of fine aggregate matrix mixtures and aggregates, and 
the one obtained by the time-temperature superposition of the dynamic modulus curves 
obtained by laboratory tests of asphalt concrete mixtures are compared in the following 
Figure 7.8. 
 
Figure 7.8 Comparison of Stiffness from Tests and FEM Simulations 
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As shown in Figure 7.8, none of the master curves obtained from FEM simulations 
converge exactly with experimentally obtained master curve. This can be attributed to the 
fact that there were many assumptions involved in the computational micromechanics 
model such as isotropy of the materials, homogeneity of the two phases and a single 
value of film thickness around coarse aggregates. Similarly, the diffusion of binder 
through the materials and the influence of pre-existing cracks were not considered. But 
even with the use of a two- dimensional microstructure, the model could predict the 
dynamic modulus which was close to the experimentally determined dynamic modulus. 
Provided a three-dimensional microstructure is used by incorporating the real scenario of 
individual phases and their interactions, the model can be made more accurate.  
The model also suggests that air voids must be considered while simulating the tests with 
asphalt concrete samples. The simulations with no or low value of air voids were clearly 
outside the experimental range. 
According to AASHTO PP 61, the coefficient of variation for dynamic modulus tests is 
approximately 13 %. So, it was decided to look for the best combination of fine aggregate 
matrix and aggregates whose dynamic modulus was inside the envelope of allowable 
upper and lower limits of experimentally determined dynamic modulus.  
The master curves for the allowable lower and the upper limits of experimental values of 
dynamic modulus and the master curves of each combination of fine aggregate matrix 
and aggregates are shown in Figure 7.9. 
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Figure 7.9 Simulation Results within the Allowable Limits of Experimental Results  
It is obvious from Figure 7.9 that the master curves of asphalt concrete mixtures 
containing FAM phases with 1.00-1.75 % air voids were lying more closely in the region 
bound by the upper and the lower limits of the experimental values of dynamic modulus 
than the FAM phases with lower level of air voids (0.00 -0.50%). The simulation results 
with a very low value of air voids such as 0.00 % and 0.50% were clearly outside the 
experimental range. This fact reconfirms that the model must be incorporated with air 
voids that account for the air voids in the asphalt concrete mixtures to a certain extent.  
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CHAPTER EIGHT 
CONCLUSIONS AND RECOMMENDATIONS 
8.1 Conclusions 
This study presented two different methods of determining dynamic modulus of asphalt 
concrete mixtures at different loading frequencies and temperatures. The first method was 
based on the laboratory tests of Superpave gyratory compacted asphalt concrete 
cylindrical samples while the second method was based on the finite element analysis of 
computational micromechanics model of the same samples. 
Dynamic Modulus of asphalt concrete mixtures obtained from FEM simulations and the 
laboratory tests agreed fairly with each other. The model was able to predict the dynamic 
modulus of mixtures by using the properties of the fine aggregate matrix phase and the 
coarse aggregate phase in their microstructure. This observation once again proved that 
the fine aggregate matrix, but not just the binder, is responsible for viscoelastic properties 
of asphalt concrete. The results also showed that experimentally determined elastic 
properties of aggregates are required for predicting the dynamic modulus accurately. 
Since the master curves of asphalt mixtures containing the fine aggregates matrix with 
lower air voids (0.00-0.50%) were not so close to the experimentally determined master 
curve, it is obvious that air voids must be incorporated in the fine aggregate phase to 
predict the dynamic modulus of asphalt concretes accurately.  
The entire process of performing the laboratory tests of dynamic modulus consisted of 
several steps in sequence from material selection to the data analysis taking almost two 
weeks for one sample in this study. The tests also required several machines and their 
accessories for the sample fabrication and the tests in a well-equipped laboratory setting. 
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In contrary, the dynamic modulus test simulations based on micromechanics 
computational model took less time, and required fewer steps and machines than the 
laboratory tests. The construction of a complete master curve by using the computational 
micromechanics model took just one day in contrast to almost three days of laboratory 
tests and temperature equilibrium for a single sample. Provided we have a virtually 
generated representative volume element with enough data base of the properties of its 
constituents, the computational micromechanics model can be a better, faster and cheaper 
substitute of the current experimental procedure.  
In the due process, a new mix design of fine aggregate matrix was also proposed in this 
study to produce the fine aggregate matrix mixtures with the same properties of matrix 
phase of asphalt concrete mixtures with respect to compaction method, compaction 
density, and air voids. Superpave gyratory compaction was successfully implemented in 
fabricating the cylindrical fine aggregate matrix samples from which multiple torsional 
bars were extracted. The small discrepancy of dynamic shear modulus of cylindrical 
torsional bars extracted from different locations of Superpave gyratory compacted fine 
aggregate matrix mixtures illustrated the consistent properties irrespective of the 
locations of the sample extraction. Unlike the dynamic modulus tests of SGC asphalt 
concrete mixtures, the oscillatory frequency sweep tests of cylindrical bars were faster 
and more repeatable due to higher degree of homogeneity and smaller size of samples. It 
took less than two hours to determine the viscoelastic properties of a fine aggregate 
matrix sample in a dynamic shear rheometer. For the SP4-Special mixtures, an air void 
content of 1.000-1.75 % was required in fine aggregate matrix to predict the dynamic 
modulus of HMA mixtures inside the allowable limits of experiments.  
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Similarly, the workability, repeatability, accuracy and efficiency of using nanoindentation 
were also established for the asphalt concrete and the aggregate samples. The average 
elastic modulus of aggregates used in SP4-Special asphalt concrete mixtures in this study 
was determined as 60.9 G Pa, with a 0.15 value of Poisson‟s ratio.  
The computational micromechanics model; however, could not provide an exact match of 
the master curve obtained from dynamic modulus tests. This is because the model did not 
address the issues such as anisotropy and heterogeneity of the fine aggregate matrix and 
coarse aggregates. Even if the model incorporated heterogeneity by assuming two 
different phases in the system, the model still ignored the heterogeneity due to different 
types of aggregates. Similarly, the finite element method used in the computation did not 
address the issues of pre-existing cracks, cohesive zone, adhesion between the binder and 
aggregates as well as the diffusion of binder. The model assumed a single value of binder 
film around all types and sizes of aggregates in contrast to the reality of variable film 
thickness.  
In spite of the limitations of the model, the dynamic modulus values predicted by the 
model agreed fairly with the dynamic modulus values obtained from experiments. This 
fact signifies that the model can be more accurate once its limitations are addressed. Once 
the virtual image generation technique replaces the physical sample fabrication, the 
model can be faster and cheaper. 
8.2 Recommendations 
More research should be done with multiple types of asphalt concrete mixtures 
containing several types and proportions of aggregates and binders. The computational 
micromechanics should be verified with the asphalt concrete mixtures containing one 
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type of binder and only one type of aggregates of known properties. The range of air void 
content of fine aggregate matrix mixtures should be narrowed down by conducting the 
FEM simulations with multiple samples of the same type of mixtures used in this study. 
Unless simpler, faster and cheaper method of obtaining statistically supported values for 
elastic modulus of aggregates is available, nanoindentation tests should be conducted for 
extracting the exact values of elastic modulus of aggregates.  
The manual treatment of digital image analysis of asphalt concrete mixtures should be 
replaced with an automatic procedure to reduce the processing time as well as errors. 
While performing the image treatment, the volume fraction as well as the gradation of 
aggregates should be taken care of. The image treatment should be modified to identify 
the different types of aggregates and air voids in the mixtures. 
The model should be refined by obtaining the elasticity of each type of aggregates and 
using them in the computational micromechanics model according to their proportions 
and distribution. A thorough analysis of influence of thermal drift, initial penetration 
depth, instrument compliance, indenter geometry, pile-ups, sink-ins, indentation size, 
surface roughness, tip rounding, residual stress, specimen preparation, etc. in the elastic 
modulus of aggregates should also be conducted. For the time being, the model should be 
improved by taking the weighted average of the elastic modulus values of aggregates 
rather than simple average used in this study.  
Similarly, the model should be refined to address the issues such as diffusion, cohesion, 
adhesion, crack, anisotropy and heterogeneity.  
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